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Introduction

Introduction 11
I am not accustomed to saying anything with certainty after only one or two observations. 
—Andreas Vesalius of Brussels, 1514-1564 
Hippocrates (460-361 BC) described that the spinal column was held together by discs, 
ligaments and muscles, and both Da Vinci (1452-1519) and Vesalius (1514-1564) were the 
first to accurately describe the spine and the spinal ligaments in more detail. Exploration of 
the work of four ancient scholars - Herophilus, Erasistratus, Aretaeus, and Galen - reveals a 
remarkable early appreciation of the separate neural pathways responsible for sensory and 
motor control.1 During movements however, the spinal nerves might be exposed to forces 
in various directions. The question as to how the spinal nerves become stretched can only 
be answered with detailed knowledge on how the spinal nerves are attached to the spinal 
column. Over the last 130 years several mechanisms and structures protecting the spinal 
nerves against traction have been described, but nearly all these structures were located in 
the spinal canal proximal to the intervertebral foramen.2-10 Extraforaminal attachments were 
mentioned only briefly.6,11 Since the end of the 19th century the role of a large number of 
different structures in relation to the aetiology of back pain has been described. Most of these 
structures are located within the spinal canal. Also, it is known that nerve compression by the 
neighbouring structures (e.g. by a prolapsed disc or osteophytes on the zygaphyseal joints1,11) 
is an important source of back pain and neuralgia. Treatment options comprise either pain 
management or surgical intervention. However, before simply removing a compressing 
structure, it is important to have detailed knowledge on the spinal anatomy and function of 
these various structures.
1.1 FunCTIOnAl AnATOMy OF THE SPInAl nERvES 
The peripheral nerves proceed from the spinal cord and are protected by three layers: 
endoneurium, perineurium and epineurium (Figure 1). Endoneurium is the intrafascicular 
connective tissue composed predominantly of type III collagen (reticulin) fibres condensed 
around individual Schwann cell-axon units and endoneurial vessels. The major cellular 
constituents of the endoneurium are Schwann cells and endothelial cells; minor components 
are fibroblasts, macrophages and mast cells. Schwann cells ensheath peripheral axons 
and myelinate those larger than 2 µm in diameter. The orientation of collagen fibrils in the 
endoneurium is essentially longitudinal, which indicates a protecting role against stretching 
of the axons. 
The perineurium is assumed to be the structure most resistant to tensile forces.12 It surrounds 
a fascicle, consisting of a number of axons. Much of the collagen fibres run parallel to the 
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direction of the nerve fibre, although there are circular and oblique bundles which may 
protect the nerve from kinking13. 
According to Lundborg (1988)14 the role of the perineurium is to:
•  protect the contents of the endoneurial tubes;
•  act as a mechanical barrier to external forces;
•   serve  as  a  diffusion  barrier,  keeping  certain  substances  out  of  the  intrafascicular 
environment.
The epineurium protects and cushions the fascicles. Collagen bundles are arranged primarily 
parallel to the longitudinal axis of the nerve trunk.15 The internal fascicular epineurium 
separates fascicles and facilitates movement between different fascicles.16,17,18 The external 
epineurium is a definite sheath around the fascicles. At various positions along the trunk, the 
epineurium is anchored to the surrounding tissue by the mesoneurium consisting of loose 
areolar tissue around the peripheral nerve trunks.19 In this way the peripheral nerves look well 
protected against tensile forces at the periphery. The question remains as to whether we can 
expect the same of the more proximal parts of the spinal nerve. 
1.2 THE nERvE ROOTS
Each spinal nerve is connected to the spinal cord through a ventral root, which contains 
axons of motor neurons and a dorsal root consisting of the efferent fibres of the sensory 
Hoofdstuk	  1	  
	  
Figure	  1.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure 1. Ventral view and transverse section through spinal cord and spinal nerve with endoneurium and perineurium and epineurium. 
(Reproduced from M Ross: Histology. 2006, with permission of the publisher).
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ganglion cells. The extrathecal intraspinal nerve root is defined as that portion of the nerve 
root and dural sleeve between the main dural sac and the foraminal exit.20,21
The epidural tissues and the dura combine to form the epineurium. The endoneurium is a 
continuation of the pia mater (Figure 1).22,23 Injuries to nerve roots are commonly not ascribed 
to direct traction, but rather to indirect traction caused by the neighbouring structures such 
as discs and facet joints.22 The intraspinal nerve roots are positioned inside of the meninges 
and lack Schwann cells. Therefore, the intraspinal nerve roots seem to be the most vulnerable 
parts of the peripheral nervous tissue.
1.3 nEuROBIOMECHAnICS OF THE nERvE ROOTS
As mentioned in section 1.1, tension and traction can easily be absorbed in the peripheral 
nerve by the protective sheets around it. The nerve roots, however, are lacking these traction 
absorbing structures (section 1.2). 
There are different mechanisms to prevent traction at the nerve root level: 
1. The slightly undulated course of the nerve fibres permits an unfolding of the fibres with 
minimal increase in tension when they are stretched.5,9,24 
2. The peripheral nervous system consists of many subdivisions and plexuses. The plexiform 
construction of the nervous system protects a single branch from excessive forces. The 
three connective tissue sheaths, the endoneurium, perineurium and epineurium all have 
collagen fibres arranged longitudinally. 
3. Cerebrospinal fluid protects the roots by cushioning these.5,9
4. The mesoneurium, which allows the peripheral nerve to glide smoothly alongside the 
adjacent tissue. In addition, the fibres of the mesoneurium are able to contract.19 
5. Individual fascicles within the nerve root have the ability to slide on each other.25
6. Between C3 and T9 the nerve roots have an angulated course.2,3,7,8 Extension of the spine 
and traction at the spinal nerves stretches the nerve roots. Besides that, the nerve can slip 
sideways from a point of pressure.24 
7. An even more complex branching of nerve fibres occurs inside the nerve trunks and makes 
them less vulnerable against traction. Peripheral nerves have to adapt to changes in the 
length of the nerve bed. Millesi estimated that the bed of the median nerve is about 20% 
longer when the elbow and wrist are extended than when they are flexed.26
8. There are different types of attachments of the spinal nerves to the spine (section 1.4).
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1.4 ATTACHMEnT OF THE nERvES TO THE SPInE
Several types of attachments of the spinal nerves to the spine have been described.  
1.4.1 Indirect attachments: Dural attachments 
In the spinal canal the nerve roots have an intimate relation with the meninges. The roots 
are enclosed in the dural sac, and bathed in cerebrospinal fluid (Figure 2). Beyond the dural 
sac, individual pairs of roots are ensheathed by pia, arachnoid and dura in the nerve root 
sleeves.27
At every level of the lumbar spine the perineurium of the spinal nerves is attached to 
ventrolateral dura which in turn is connected to the longitudinal posterior ligament. 
The attachments may be divided in the following groups: 
Ventral midline ligament of Trolard (1888) and the dorsolateral and lateral ligaments of Hofmann 
(1898)
The lumbosacral nerve roots are extrathecally attached.1,11 The ventral midline ligament of 
Trolard28 and the lateral ligaments of Hofmann4 attach the anterior dura to the anterior and 
anterolateral aspect of the spinal canal. At lumbar levels, these ligaments are particularly 
well developed (Figure 3).1,11 These tissues attach the root and dura to the anterior wall of the 
spinal canal and prevent posterior and medial displacement of the roots.
Figure	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Figure 2. The nerve roots are enclosed in their dural sleeve, which is surrounded by epidural fat in the intervertebral foramina. Radicular veins 
(RV) and arteries (RA) run with the nerve roots. PLL: posterior longitudinal ligament; SVN: sinuvertebral nerves; AV: anterior internal vertebral 
venous plexus; ASCB: anterior spinal canal branches; LA: lumbar arteries; LF: ligamentum flavum; PV: posterior internal venous plexus; ZP: 
zygapophysial joint. (Reproduced from N. Bogduk: Clinical Anatomy of the Lumbar Spine and Sacrum, 2007, with permission of the publisher.)
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Denticulate ligaments 
The epineurium and the outer layers of the perineurium are a continuation of the dura mater, 
which absorb traction on the peripheral nerves. This traction is finally transmitted to the cord 
by denticulate ligaments (Figure 1) and not by the nerve roots.22 
Membranes
In the literature, two membranes are mentioned. First, a peridural membrane that connects 
the dura to the posterior longitudinal ligament at the level of the vertebral body.29 Second, 
there is a membrane between the longitudinal posterior ligament and the nerve root at the 
level of the disc.30 
At the dorsal side, there are no structures connecting the spinal nerves to the vertebral arches 
and the flaval ligaments.11
1.4.2 Direct attachments: Spinal nerve attachments 
Lateral root ligament of Spencer11
Lateral to the posterior root ganglion, the epidural tissues have strong adhesions to the spinal 
nerves. Spencer (1983) also mentions strong circumferential fibres within the intervertebral 
foramen connecting the spinal nerve to the joint capsules and the ventral periosteum of the 
pedicles (Figure 4).11 This prevents the nerve from moving away from an extraforaminal disc 
protrusion.6
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Figure 3. Hofmann’s ligaments attach to the posterior longitudinal ligament (PLL) anteriorly and angulate cranially to the dura. Trolard ligaments 
attach the anterior dura to the PLL. (From Wilse L, Relationship of the dura, Hofmann’s ligaments, Batson’s plexus, and a fibrovascular membrane 
lying on the posterior surface of the vertebral bodies and attaching to the deep layer of the posterior longitudinal ligament. Spine 18:1030-1043, 
1993; with permission.)
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1.4.3 Attachment of the nerves to the spine at the cervical level
In the lower cervical spine the spinal nerves are attached to the intervertebral foramen.3,22 
Kawashima et al. (2003) described ligamentous tissue attached to the lateral border of the 
uncovertebral joint that binds the vertebral artery and spinal nerve root.31 Johnson et al. 
(2005) described a cone shaped dural continuation to the epineurium of the cervical spinal 
nerves (dorsal sleeves), as well as the fibrous attachments between the epineurium of spinal 
nerves C5-C7 and the cervical transverse process at the level of the intervertebral foramen.32 
These ligaments are absent at C8 and T1. Because these ligaments unite the nerves to the 
osseous margin of the foraminal outlet, C5 and C6 are less likely to be avulsed than the lower 
roots (C8 and T1).33 On the cervical level Herzberg and co-workers described a semiconic 
superior ligament connecting mainly C5 and to a lesser degree C6 and C7 to the cervical 
spine.33 Sunderland (1974) described fibrous structures connecting the spinal nerves to the 
cervical spinal column.19 However, these authors did not describe connections at the levels 
C2-C4 and C8, T1. 
In a six-month-old child with a brachial plexus lesion at level C4-C5 (Figure 5) we found 
connections between the spinal nerve (n) and the intervertebral disc (d). Although it is a 
single, perisurgical observation, it would be interesting to investigate whether, in this early 
phase of life, more types of attachements between the spinal nerves and the spine exist than 
in adults.
Figure	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Figure 4. Dural attachment to the posterior longitudinal ligament. The Hofmann ligaments and the lateral root ligament as described by Spencer. 
(From Wilse L, Relationship of the dura, Hofmann’s ligaments, Batson’s plexus, and a fibrovascular membrane lying on the posterior surface of the 
vertebral bodies and attaching to the deep layer of the posterior longitudinal ligament. Spine 18:1030-1043, 1993; with permission.)
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1.5 AIMS OF THIS THESIS 
When strain on nerves results in pain we need to know how this strain is accomplished. 
An attempt to answer how the spinal nerves are being stretched, requires an inventory of 
spinal nerve attachments. While dissecting human spines during anatomical practice in the 
summer of 2004, connective tissue bands outside the intervertebral foramen were found 
which, to our knowledge, have not been previously described. Although different protection 
mechanisms against nerve traction have been described these extraforaminal attachments 
were not mentioned.
Therefore, the aim of the work described in this thesis is to elucidate the anatomical properties 
and the mechanical function of these extraforaminal attachments. To that end, macroscopic 
and microscopic anatomical studies on these structures were performed in combination with 
biomechanical dissection studies.
Figure	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Figure 5. Brachial plexus of a 6-month-old child. d: intervertebral disc; efl: extraforaminal ligament; n: nerve C5
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1.6 OuTlInE OF THE THESIS
The studies described in this thesis are divided into two parts.
The first part is a description of studies focused on the anatomical attachments of the 
spinal nerves to the spine. Chapter 2 presents an anatomical/histological description and 
specification of the extraforaminal ligamentous attachments of the lumbar region, including 
a description of two specific extraforaminal attachments per lumbar level. In contrast to the 
lumbar level, the attachments on the thoracic level have a totally different orientation to the 
spinal nerve, as described in Chapter 3. On the cervical level, surprisingly, there appears to 
be a mix of the two types of orientation found at the lumbar and thoracic levels (Chapter 4). 
The second part of this thesis focuses on the biomechanical characteristics of the 
extraforaminal ligaments.
In an attempt to identify the mechanical influence of the lumbar extraforaminal ligaments 
at the nerve root outside the intervertebral foramen, the load-absorbing capacity of the 
ligaments was investigated (Chapter 5). In Chapter 6 we present an unexpected finding that 
was in contrast to our expectation regarding the behaviour of the extraforaminal ligaments 
on the thoracic level. Finally, Chapter 7 presents a general discussion at the work included 
in this thesis.
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Anatomical Studies

Chapter 2
Extraforaminal ligament  
Attachment of the human lumbar nerves
Kraan GA, Delwel EJ, Hoogland PV, van der Veen MR, Wuisman PI, Stoeckart R, 
Kleinrensink GJ, Snijders CJ. 
Spine (Phila Pa 1976). 2005 Mar 15;30(6):601-5.
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ABSTRACT 
Study Design. An anatomic study of the extraforaminal attachments of the lumbar spinal 
nerves was performed using human lumbar spinal columns.
Objectives. To identify and describe the existence of ligamentous structures at each lumbar 
level that attach lumbar spinal nerves to structures at the level of the extraforaminal region.
Summary of Background Data. During the last 120 years, several mechanisms to protect the 
spinal nerve against traction have been described. All these structures involved are located in 
the spinal canal, proximal to the intervertebral foramen.
Methods. Five embalmed human lumbar spines (T12–S1) were used. Bilaterally, the 
extraforaminal region was dissected to describe and measure anatomic structures and their 
relationships. Histology was performed with staining on the sites of attachment and along 
the ligament.
Results. The levels T12–L2 show bilaterally 2 ligaments, a superior extraforaminal ligament 
and an inferior extraforaminal ligament. The superior extraforaminal ligament emerges from 
the joint capsule of the facet joints and inserts in both, the intervertebral disc and the ventral 
crista of the intervertebral foramen, passing the spinal nerve laterally. In one specimen at level 
L2–L3, the superior extraforaminal ligament was not attached to the spinal nerve. The inferior 
extraforaminal ligament emerges from the intervertebral disc, passing the nerve medially 
and attaching the spinal nerve. At the levels L2–L5, the inferior extraforaminal ligaments are 
only attached to the intervertebral disc, not to the joint capsule. Histologically, the ligaments 
consisted mainly of collagenous structures.
Conclusion. Ligamentous connections exist between lumbar extraforaminal spinal nerves 
and nearby structures.
KEy wORDS
spinal nerve; extraforaminal ligaments; intervertebral foramen; intervertebral disc; lumbar 
spine
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InTRODuCTIOn
Low back pain with irradiating pain to the lower legs may be associated with a variety of 
causes.1–3 As a major source of sciatica, compression of a nerve root or several roots (e.g., 
by an extruded intervertebral disc), can lead to a nerve root lesion.2,4 However, other pre-, 
intra-, and extraforaminal structures, such as the ligaments of Trolard, Hofmann, Spencer, and 
the denticular ligaments have been associated with or are discussed as a possible source for 
sciatica.5–10 However, the lack of detailed anatomic studies, especially of the extraforaminal 
region, does not allow determining more precisely the underlying cause of the irradiating 
pain. Although considerable research work has been undertaken to describe the local 
anatomy of the extraforaminal part of the lumbar spine, detailed anatomical and histological 
studies of the extraforaminal attachments of lumbar nerves to the lumbar spine have not 
been performed.4,11–15 It is important to know the anatomy of the extraforaminal region in 
order to better understand the role of the ligaments in the mechanics and the biomechanics 
in relation to the physiological and pathological loads on the lumbar spinal nerves. Our aim 
is to describe the anatomy of the extraforaminal attachments between the lumbar spinal 
nerves and the tissues surrounding the intervertebral foramina. In addition, histological 
studies of the extraforaminal ligaments were performed. 
MATERIAlS AnD METHODS 
Five human bodies embalmed by vascular perfusion with a medium containing 2.2% 
formaldehyde were carefully dissected from the twelfth thoracic vertebra to the first sacral 
vertebra. The specimens were carefully selected to ensure the absence of anatomical 
abnormalities. The specimens age ranged from 84 to 90 years, and none of the specimens 
showed any evidence of spinal pathology involving or disrupting extraforaminal structures. 
Bilaterally, the dissection was performed by approaching the intervertebral foramen from far 
lateral. The lumbar spinal nerves were dissected as far as the intervertebral foramen, carefully 
preserving all soft tissue attachments. Between the twelfth thoracic vertebra and the first 
sacral vertebra ligamentous structures were identified, and their origin, insertion and their 
spatial orientation were determined. At each level, the relationship with the spinal nerve 
and other surrounding structures of the intervertebral foramens were photographically 
documented. In addition, length and width of the ligament structures were measured with 
a millimeter caliper. Also, the angle (α) between the ligaments and a line perpendicular 
to the direction of the spinal nerves was measured (Figure 1). We defined a ventrocaudal-
dorsocranial direction of the ligament in relation to the spinal nerve as negative (Figure 1a) 
and a ventrocranial-dorsocaudal direction as positive (Figure 1b). After the measurements 
and photographic documentation were performed, the ligamentary connections between 
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the extraforaminal spinal nerves and the nearby structures were dissected and post fixed in 
neutral 4% formaldehyde. The tissues were embedded in gelatin, and cut transversely at 40 
µm thick and attached to glass slides. The sections were stained with hematoxylin and eosin 
and by the Elastica van Gieson method for microscopic studies. 
RESulTS 
The dissected specimens show extraforaminal attachments of the spinal nerves bilaterally at 
all levels. The spinal nerves at the upper lumbar levels (L1–L2) are attached to the articular 
capsule of the facet joints and to the intervertebral disc by a superior and inferior ligament. 
The spinal nerves at the lower lumbar levels (L3–L5) are attached by similar ligaments to 
the intervertebral discs and the articular capsule. Detailed anatomical descriptions of the 
individual levels show the following findings. Spinal nerve Th12 and Spinal nerve L1(Figure 
2) show extraforaminal ligaments of the spinal nerve to the disc and the articular capsule of 
the facet joint. At this segment level (Th12–L1), 2 ligaments (efl) can be identified: a superior 
and an inferior ligament. The superior ligament (efls) originates from the ventral crista of 
the intervertebral foramen, passes laterally to the spinal nerve, and inserts into the articular 
capsule of the facet joint. In all specimens, the inferior ligament (efli) originates from the 
intervertebral disc and inserts into the articular capsule of the facet joint attaching the spinal 
nerve medially. The spatial orientation of the superior and inferior ligament is ventrocaudal-
to-dorsocranial. In 2 specimens, the extraforaminal ligament passes between a ventral and 
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Figure 1. Lateral view of lumbar vertebra. Measurement of the angle (a) between the nerve (gray) and the extraforaminal ligament (red). 
a) a dorsocranial-ventrocaudal direction of the ligament in relation to the spinal nerve is designated as a negative angle, b) a dorsocaudal-
ventrocranial direction as positive.
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dorsal branch of the spinal nerve Th12 (Figure 3). The ventral part passes the inferior ligament 
laterally, the dorsal part medially. At the level of spinal nerve L2, as shown in Figure 4, large 
extraforaminal ligaments are present at the level of spinal nerve L2: 1 or 2 superior ligaments 
and a bigger inferior ligament. These extraforaminal ligaments are present in all specimens. 
The superior ligaments (efls) originate from the ventral crista of the intervertebral foramen 
Figure	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Figure 2. Left lateral view. Dissection of the spinal nerves (n), twelfth thoracic vertebra (Th12), first lumbar vertebra (l1) and intervertebral discs 
(d). The extraforaminal ligament (efl) consists of a superior and an inferior part. The superior ligaments pass the spinal nerves laterally, the inferior 
ligaments medially.
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Figure 3. Right lateral view of dissection after removal of the superior extraforaminal ligament of: the spinal nerve, twelfth thoracic vertebra (th12) 
and intervertebral disc (d). The inferior extraforaminal ligament (efl) is attached to the fibrous capsule of the facet joint (fc) and intervertebral disc 
(d). The ligament divides the spinal nerve in a ventral (1) and dorsal part (2).
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and the intervertebral disc, pass laterally to the spinal nerve, and insert into the articular 
capsule of the facet joint. In all specimens, the inferior ligament (efli) originates from the 
intervertebral disc and inserts into the articular capsule of the facet joint attaching the spinal 
nerve laterally, acting like an envelope (Figure 4). The lower lumbar levels (L3–L5) show larger 
extraforaminal ligament attachments than the higher levels. One superior ligament and one 
inferior ligament are shown in Figure 5. The origin of the superior extraforaminal ligament at 
the level of spinal nerve L3 is from the dorsolateral side of the intervertebral disc, and this 
structure inserts into the articular capsule of the facet joint, attaching the spinal nerve later-
ally. The inferior extraforaminal ligament runs parallel, with the spinal nerve originating from 
the dorsolateral side of the intervertebral disc, inserting on the spinal nerve L3 ventrally/
laterally. These ligaments are attached to the nerve medially along the entire width of the 
spinal nerve. 
At the level of spinal nerve L4, one superior extraforaminal ligament and one inferior 
extraforaminal ligament is shown in Figure 5. The origin of the superior extraforaminal 
ligament at the level of spinal nerve L4 is from the dorsolateral side of the intervertebral disc 
and inserts into the articular capsule of the facet joint, attaching the spinal nerve laterally. 
The inferior extraforaminal ligament runs parallel, with the spinal nerve originating from the 
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Figure 4. Left lateral view of dissection of the spinal nerve (n), second and third lumbar vertebra (l2, l3), and intervertebral disc (d). The inferior 
extraforaminal ligament (efli) passes the spinal nerve laterally. The extraforaminal ligament is attached to the fibrous capsule (fc) of the facet 
joint and the intervertebral disc (d).
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Figure 5. Left lateral view. Dissection of the third, fourth and fifth spinal nerves (n) and intervertebral discs (d). The extraforaminal ligament (efl) 
consists of a superior and an inferior part. The superior ligaments pass the spinal nerves laterally; the inferior ligaments are attached ventrally and 
laterally to the spinal nerves. l3, l4 and l5: third, fourth and fifth lumbar vertebra; s1: first sacral vertebra.
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Figure 6. 40 mm-thick coupes of transverse section of the first (l1) to fourth (l4) lumbar spinal nerve (n) and sagittal section of the fifth (l5) 
lumbar spinal nerve. Staining with hematoxylin-eosin (H&E) and elastica van Gieson (EvG). The extraforaminal ligament (efl) consist of parallel-
orientated collagen fibres and are attached to the outer parts of the nerve tissues. The brown fibers at the EvG staining respons to the elastin fibres. 
d: intervertebral disc; efl: extraforaminal ligament; b: bone.
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dorsolateral side of the intervertebral disc, inserting on the spinal nerve L4 ventrally. Level L4 
(mean: 9.9 mm) shows shorter ligaments than level L3 (mean: 15.4 mm) (Table). 
At the level of spinal nerve L5, one superior extraforaminal ligament and one inferior 
extraforaminal ligament is shown (Figure 5). The origin of the superior extraforaminal 
ligament at the level of spinal nerve L5 is from the dorsolateral side of the intervertebral disc 
and inserts into the articular capsule of the facet joint, attaching the spinal nerve laterally. 
The inferior extraforaminal ligament runs parallel with the spinal nerve originating from the 
dorsolateral side of the intervertebral disc, inserting on the spinal nerve L5 ventrally and 
laterally. The connections between the extraforaminal part of the spinal nerves and nearby 
structures consist of collagen fibers lacking cells (Figure 6). The collagen fibers are parallelly 
orientated. Elastin fibers are shown in the ligament with Elastica van Gieson staining. The 
table shows the length and width of the extraforaminal ligament attachment, and the angle 
between the extraforaminal ligament attachment and the spinal nerve of all examined 
specimens. In all specimens, the angle of the inferior ligament varies in a typical way. All 
superior extraforaminal ligaments have a ventrocaudal-dorsocranial direction in relation to 
the spinal nerve. The inferior ligaments of spinal nerve Th12 and L1 have also a ventrocranial-
dorsocaudal direction in relation to the spinal nerves. At the levels L2–L5, the direction of the 
inferior ligament is ventrocranial-dorsocaudal. The width of the extraforaminal ligament is 
larger at the lower lumbar levels. (table) 
Table 1. Level Th12-L5. Length and width of the extraforaminal ligament attachment and the angle between the extraforaminal ligament 
attachments and left and right spinal nerves (n=10). 
level ligament length (mm) width (mm) angle (°)
Th12 Superior 12.85 (3.46) 1.35 (0.35) -35 (27)
Inferior 23.55 (0.21) 1.80 (0.44) -60 (10)
L1 Superior 15.32 (3.76) 1.28 (0.62) -35 (21)
Inferior 13.13 (5.97) 2.65 (0.66) -54 (24)
L2 Superior 14.65 (2.75) 1.77 (0.90) -21 (32)
Inferior 14.01 (4.18) 3.14 (2.33) 25 (48)
L3 Superior 14.74 (3,54) 3,90 (2,31) -25 (16)
Inferior 15.40 (2.68) 3.27 (2.12) 35 (44)
L4 Superior 13,36 (4,14) 4,20 (3,20) -29 (17)
Inferior 8,5 (2,12) 5.0 (2.83) 65 (7)
L5* Superior 13,6 (3,14) 4,9 (2,05) -26 (13)
Inferior 20,50 (7,09) 5,27 (1,41) 61 (11)
Values are means and standard deviation (SD).
* measured bilaterally at 3 specimens; n=6
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DISCuSSIOn
The present study specifies the anatomy of not yet described extraforaminal attachments 
of the spinal nerves in the extraforaminal region. These extraforaminal attachments consist 
at each lumbar level of a superior and an inferior ligament. The superior ligament originates 
from the intervertebral disc and the ventral crista of the intervertebral foramen. It inserts into 
the articular capsule of the facet joint with an attachment to the spinal nerve laterally. All the 
superior and inferior ligaments on levels Th12–L1 have a ventrocaudal-dorsocranial direction 
in relation to the spinal nerve, attaching the spinal nerve medially. At the levels L2–L5, the 
direction of the inferior extraforaminal ligament is ventrocranial-dorsocaudal, attaching the 
spinal nerve ventrally and laterally. Although previous studies by Spencer et al,13 Melvill and 
Baxter, 4 Park et al., 12 and Amonoo-Kuofi 14,15 describe the anatomy of the extraforaminal 
region, to the best of our knowledge, these studies do not mention attachments to the 
spinal nerve. Grimes et al. 11 described ligament attachments to the nerve root, but they 
described the attachments within the intervertebral foramen. However, the present study 
not only shows the existence of extraforaminal ligaments, but also that these structures at all 
lumbar levels are attached to the spinal nerve. We call this specific part of the extraforaminal 
attachments to the spinal nerve the “extraforaminal ligament” attachment. The finding 
of extraforaminal ligaments connected to the lumbar nerves is relevant regarding the 
discussion about nerve compression. Melvill and Baxter 4 assumed that nerve compression 
was due to lateral disc protrusion. They stated that extraforaminal tissue bands enclose the 
spinal nerve laterally, which prevents the nerve from moving laterally and, thus, causing 
compression by the prolapsing disc. We confirm this theory. However, the investigators 
do not describe attachments of these superior ligaments to the spinal nerves, neither do 
they give a description of inferior ligaments. Park et al. 12 state that transforaminal lumbar 
ligaments, probably comparable to the superior extraforaminal ligament attachment of the 
present study, show hypertrophy and as a result, cause compression of the adjacent nerve 
roots. They, however, do not describe connections between the lumbar spinal nerves and the 
transforaminal ligaments, nor do they describe inferior ligaments. 
In the literature, protective mechanisms have been described counteracting nerve traction 
within the spinal canal.1–3,5–10 The following assumption can be formulated: the superior 
extraforaminal ligament attachments of level Th12–L5 and the inferior extraforaminal 
ligament attachments of the levels Th12–L1 have an effect on anteroposterior positioning 
of the spinal nerve. The extraforaminal ligament attachment prevents contact of the nerves 
with the intervertebral foramen. Inferior extraforaminal ligaments L2–L5 prevent the spinal 
nerve from being pulled out of the intervertebral foramen. 
The most relevant shortcomings of this study are the use of fixated and old aged specimens 
and the number of specimens analysed. Fixation may cause shrinking of the anatomic 
structures, thus introducing false measurements. Age-related degeneration may influence 
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the spatial orientation of the ligaments. At all levels 10 measurements were performed, 
except for L5 (6 measurements). An anatomic variation of the inferior extraforaminal ligament 
was found at the L1 level. It may be assumed that more anatomical variations will be found 
in a larger collection.
We described that extraforaminal ligament attachments connect the lumbar spinal nerve to 
the extraforaminal region. Presently, an interpretation of these findings regarding low back 
pain and sciatica is speculative. 
KEy POInTS
•  Extraforaminally,  the  lumbar  spinal  nerves  are  attached  to  ligamentous  structures 
with features characteristic for each level.
•  At all lumbar levels (Th12–L5), a superior and inferior extraforaminal ligament can be 
observed.
•  The  superior  ligaments  cross  the  spinal  nerves  laterally;  connected  to  the  spinal 
nerves.
•  The inferior ligaments on level Th12–L1 cross the spinal nerves medially and are al-
ways connected to the nerves.
•  On  the other  lumbar  levels  (L2–L5),  the  inferior  extraforaminal  ligaments originate 
from the intervertebral disc attaching the ventral/lateral side of the spinal nerve.
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ABSTRACT.  
An anatomical study of the extraforaminal attachments of the thoracic spinal nerves was 
performed using human spinal columns. The objectives of the study are to identify and 
describe the existence of ligamentous structures at each thoracic level that attach spinal 
nerves to structures at the extraforaminal region. During the last 130 years, several mechanisms 
have been described to protect the spinal nerve against traction. All the described structures 
were located inside the spinal canal proximal to the intervertebral foramen. Ligaments with 
a comparable function just outside the intervertebral foramen are mentioned ephemerally. 
No studies are available about ligamentous attachments of thoracic spinal nerves to the 
spine. Five embalmed human thoracic spines (Th2–Th11) were dissected. Bilaterally, the 
extraforaminal region was dissected to describe and measure anatomical structures and their 
relationships with the thoracic spinal nerves. Histology was done at the sites of attachment of 
the ligaments to the nerves and along the ligaments. The thoracic spinal nerves are attached 
to the transverse process of the vertebrae cranial and caudal to the intervertebral foramen. 
The ligaments consist mainly of collagenous fibers. In conclusion, at the thoracic level, direct 
ligamentous connections exist between extraforaminal thoracic spinal nerves and nearby 
structures. They may serve as a protective mechanism against traction and compression of 
the nerves by positioning the nerve in the intervertebral foramen. 
KEywORDS
Spinal nerve - Transforaminal ligaments - Intervertebral foramen - Intercostal 
neuralgia - Superior costotransverse ligament - Intercostal nerve 
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InTRODuCTIOn
A considerable amount of research has been undertaken to describe the local anatomy of 
the intraforaminal and extraforaminal parts of the thoracic spine 2, 4, 5, 10–13, 17, 19, 20 However, 
detailed anatomical and histological studies of extraforaminal attachments of thoracic spinal 
nerves to the spine have not been performed. 
Beside injuries of the thoracic spinal nerves because of stab wounds, no lesions of the thoracic 
spinal nerves by traction are described. Jiang et al.7 and Ibrahim and Darwish 6 describe 
extraforaminal ligaments, specifically the superior costotransverse ligaments, but do not 
mention attachments of the spinal nerve at the location of the superior costotransverse 
ligaments. On the lumbar level, ligamentous connections between lumbar extraforaminal 
spinal nerves and the spine are described9. 
Pre-, intra- and extraforaminal structures, such as the ligaments of Trolard20, Hofmann5, 
Spencer18, suspensor radial ligaments1, 3 and the denticular ligaments have been regarded as 
a possible source for neuralgia10, 11, 17. However, determining more precisely the underlying 
cause of the irradiating pain should await detailed anatomical studies of particularly the 
extraforaminal region. 
In order to better understand the role of the ligaments in the biomechanical behaviour in 
relation to the physiological and pathological loads on the thoracic spinal nerves, detailed 
knowledge of the extraforaminal anatomy is necessary. The aim of this study is to describe 
the gross anatomy of the extraforaminal attachments of the thoracic spinal nerves to the 
tissues surrounding the intervertebral foramina from the 2nd till the 11th thoracic level. The 
12th thoracic level is described in a lumbar study9 and the 1st thoracic level is regarded to 
be related to the brachial plexus and will therefore be described in a separate study on the 
cervical part of the spine. In addition, histological studies of the extraforaminal ligaments will 
be performed. 
MATERIAlS AnD METHODS
Five human bodies, embalmed by vascular perfusion with a medium containing 2.2% 
formaldehyde, were carefully dissected from the 2nd till the 11th thoracic vertebra. The 
specimens were carefully selected to exclude bodies with pathological changes of the spine. 
The age of the specimens ranged from 74 to 92 years; none of the specimens showed any 
pathology during dissection involving or disrupting the extraforaminal structures. On both 
sides, the dissection was performed by approaching the intervertebral foramen from the 
lateral side. All the thoracic spinal nerves were dissected as far back as the intervertebral 
foramen, carefully preserving all soft tissue attachments. 
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At all levels, ligamentous structures connected to the spinal nerves were identified, and their 
origin and insertion and the spatial orientation were determined. At each level, the relationship 
with the spinal nerve and other surrounding structures of the intervertebral foramina was 
photographically documented. In addition, length and width of the ligamentous structures 
were measured with a millimetre calliper. Also, the angle (α) between the ligaments and a line 
perpendicular to the longitudinal direction of the spinal nerves was measured (see Fig. 1). 
We defined a ventrocranial–dorsocaudal direction of the ligament in relation to the spinal as 
positive (Fig. 1a), a ventrocaudal–dorsocranial direction nerve as positive (Fig. 1a). 
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Figure 1. Antero-lateral view of thoracic vertebra. Measurement of the angle (a) between the nerve and the extraforaminal ligament. a) 
a laterocranialdorsal-mediocaudalventral direction of the ligament in relation to the spinal nerve is designated as a negative angle, b) a 
mediocaudalventral-laterocranialdorsal direction as positive
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HISTOlOGy
After the measurements and photographic documentation, the ligamentous connections 
between the extraforaminal spinal nerves and the nearby structures were dissected and fixed 
in neutral formalin. Consequently, the tissue was embedded in gelatine and cut transversely 
at 40 μm thickness. After mounting, the sections were stained with hematoxylin–eosin (H&E) 
and by the Elastica van Gieson method (EvG). 
RESulTS
The dissected specimens show extraforaminal attachments of the spinal nerves bilaterally at 
all thoracic levels. Figures 2, 3, and 4 show characteristic extraforaminal ligamentous networks 
at the thoracic levels, Th2–Th11. These ligaments consist of a superior and an inferior part. 
The superior ligaments are identified as the superior costotransverse ligaments (SC). The 
inferior ligaments are called the inferior extraforaminal ligaments (eflinf). The thoracic spinal 
nerves are attached to the neighbouring, cranial and caudal, transverse process and to the 
costovertebral joint capsule by the superior extraforaminal ligaments (eflsup) (Figs.  3, 4). In 
literature, these ligamentous structures are usually called superior costotransverse ligaments. 
The inferior efls attach the spinal nerves to the superior and inferior transverse process. The 
orientation of the ligaments is, in general, perpendicular to the thoracic spinal nerves. 
These attachments vary at different levels of the thoracic spine. Detailed anatomical 
description of the individual levels shows the following findings. 
Thoracic spinal nerves Th2–Th9
Figure  3 shows efl of the spinal nerve to the articular capsule of the costovertebral joint 
and the superior and inferior transverse process. From the 2nd till the 9th thoracic level, 
two ligaments can be identified: a superior and an inferior ligament. The superior ligament 
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Figure 2. Right lateral view of the thoracic spine. Dissection of the thoracic spinal nerves as far as the intervertebral foramen preserving soft 
tissue attachments. Extraforaminal ligament attachments of the spinal nerves to the transverse process (*)
T3-T5: 3rd-5th spinal thoracic nerve; d: intervertebral disc; r3-5: 3rd-5th rib; Th3-5: thoracic vertebra 3-5. 
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Figure 3a 
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Figure 3 a Left lateral view. Dissection of the second to fifth spinal nerves (2-5) and intervertebral discs (d). The extraforaminal ligament (the 
superior costotransverse ligaments) consist of a superior (sup) and an inferior part (inf). The superior ligaments pass the spinal nerves laterally; 
the inferior ligaments are attached dorsal and lateral to the spinal nerves. T2-5: second to fifth thoracic vertebra; r2-6: second to sixth rib. iim: 
internal intercostals membrane. 
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originates from the capsule of the costovertebral joint and the cranial transverse process and 
passes the nerve on its ventral side. It inserts on the capsule of the caudal costovertebral 
joints and the caudal transverse process. In all specimens, the inferior ligament originates 
from the cranial transverse process and inserts on the caudal transverse process always 
attaching the nerve dorsally. 
The spatial orientation of the superior and inferior ligament is from laterocranialdorsal to 
mediocaudalventral. 
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Figure 3 b, Left lateral view. Dissection of the sixth to eigth spinal nerves (6-8) and intervertebral discs (d). The extraforaminal ligament (the 
superior costotransverse ligaments) consist of a superior (sup) and an inferior part (inf). The superior ligaments pass the spinal nerves laterally; 
the inferior ligaments are attached dorsal and lateral to the spinal nerves. T5-8: fifth to eigth thoracic vertebra; r6-9: sixth to nineth rib. iim: internal 
intercostals membrane. 
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Figure 4 
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Figure 4. Left lateral view of dissection of the fourth and fifth thoracic spinal nerves (4, 5) and intervertebral discs (d). The superior extraforaminal 
ligament (eflsup) sometimes consist of two or three parts, passing the spinal nerves laterally. T4,5: fourth and fifth thoracic vertebra; r5, 6: fifth and 
sixth rib. iim: internal intercostals membrane. 
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From the 2nd till the 9th thoracic spinal nerves, the superior efl shows variations. These 
ligaments consist of one, two or three parts (Table 1). However, in one specimen, the most 
ventral part of the superior ligament on the 4th and 5th level on the left side is not attached 
to the spinal nerve (Fig. 4). 
Tenth thoracic spinal nerve (Th10)
Figure 5 shows the efl of the 10th thoracic spinal nerve to the capsule of the costovertebral 
joint and cranial and caudal transverse process. In six of the ten sides, a superior and an 
inferior ligament is seen. The other four of the ten sides have no inferior ligament. The nerve 
is dorsally attached to the internal intercostal membrane (iim). 
Eleventh thoracic spinal nerve (Th11)
The 11th thoracic spinal nerve is caudally attached to the capsule of the costovertebral joint 
and the intervertebral foramen and dorsally to the iim (Fig. 5). These ligaments are attached 
to the nerve caudally and laterally along the entire width of the spinal nerve. 
Table 1 shows the variations in amount of ligaments on the thoracic level from the 2nd till 
the 11th thoracic level. 
Table 2 shows length and width of the efl and the angle between the extraforaminal ligament 
and the spinal nerve. In all specimens, from the 2nd till 9th thoracic level, the superior and 
inferior ligaments run from laterocranialdorsal to mediocaudalventral forming a positive 
angle (Fig. 1). 
Table 1 Amount of ligaments on the thoracic levels T2–T11 
level Superior Inferior
1 part 2 parts 3 parts
Right Left Right Left
Th2 9 1       10
Th3 9 1       10
Th4 8 1   1   10
Th5 6 2 2*     10
Th6 7 3       10
Th7 8 2       10
Th8 9         10
Th9 9 1       10
Th10 10         6
Th11 3         9
* Th5 is the only level where two parts on the left side were seen. All the other two and three 
parts were right sided
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Figure 5 
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Figure 6. 40-mm thick coupes of transverse section of the thoracic spinal nerve (n). Staining with hematoxylin-eosin (H&E) and elastica van 
Gieson (EvG). The extraforaminal ligament (efl) consist of parallel-orientated collagen fibers and are attached to the outer parts (epineurium: e) 
of the nerve tissues.
Figure 3c 
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Figure 5. Left lateral view. Dissection of the tenth and eleventh spinal nerves (10-11) and intervertebral discs (d). The extraforaminal ligament 
The tenth extraforaminal ligament pass the spinal nerves laterally; the eleventh extraforaminal ligaments are attached ventral and lateral to the 
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Histology
At all thoracic levels in all specimens, the connections between the extraforaminal part of the 
spinal nerves and nearby structures consist of collagen fibers (Fig. 6). These collagen fibers 
are parallel orientated and attached to the epineurium of the nerve. 
In addition, these ligaments seem to contain some elastine as can be seen in Elastica van 
Gieson staining. No major histological differences were seen at the various thoracic levels. 
Table 2 Levels Th2–Th11: length, width and depth in mm and angle (°) of the extraforaminal ligament attachment of the spinal thoracic nerves 
to the thoracic transverse processes (n = 10) 
level ligament length (mm) width (mm) Depth (mm) Angle (°)
Th2 Superior 1 11.9 (6.1) 7.4 (4.8) 1.4 (1.0) 15.04 (22.3)
Superior 2 11.8 (–) 5.3 (–) 0.3 (–) 80 (–)
Inferior 13.3 (7.0) 7.5 (6.7) 1.0 (0.7) 34.6 (15.1)
Th3 Superior 1 12.3 (7.0) 7.7 (5.5) 1.1 (1.0) 11.0 (19.8)
Superior 2 7.1 (–) 2.6 (–) 1.2 (–) 0 (–)
Inferior 12.9 (7.0) 8.7 (8.5) 1.6 (1.0) 13.3 (19.3)
Th4 Superior 1 11.6 (3.8) 7.8 (5.5) 1.4 (0.7) 10.8 (14.9)
Superior 2 12.0 (–) 7.0 (–) 2.0 (–) 10 (–)
Superior 3 15.0 (–) 15.1 (–) 4.2 (–) 60 (–)
Inferior 13.9 (7.5) 10.5 (7.3) 1.5 (0.9) 27.8 (15.7)
Th5 Superior 1 11.0 (4.1) 7.5 (5.9) 1.5 (1.1) 15.5 (31.7)
Superior 2 12.8 (4.9) 7.4 (3.5) 1.2 (1.0) 35.2 (25.4)
Inferior 15.8 (11.7) 9.2 (6.5) 1.3 (0.9) 29.7 (19.6)
Th6 Superior 1 10.6 (3.0) 8.5 (6.0) 1.5 (0.8) 23.6 (24.6)
Superior 2 9.1 (3.8) 6.0 (4.3) 0.8 (0.6) 21.7 (6.5)
Inferior 13.4 (6.4) 9.9 (5.7) 1.3 (0.9) 32.8 (18.2)
Th7 Superior 1 11.1 (4.9) 8.1 (5.5) 1.6 (0.6) 18.7 (8.6)
Superior 2 12.6 (6.3) 4.3 (3.9) 0.4 (0.6) 19.9 (0.15)
Inferior 12.0 (7.0) 7.0 (4.6) 1.8 (1.4) 33.3 (21.0)
Th8 Superior 1 12.5 (4.8) 8.3 (4.7) 2.1 (1.6) 22.3 (16.6)
Inferior 14.1 (7.1) 10.8 (6.6) 1.6 (0.6) 34.7 (19.3)
Th9 Superior 1 13.8 (7.0) 8.7 (5.2) 1.1 (0.6) 22.5 (27.0)
Superior 2 10.0 (–) 1.7 (–) 0.6 (–) 21.9 (–)
Inferior 16.8 (9.3) 10.1 (7.5) 1.9 (1.0) 32.3 (24.6)
Th10 Superior 11.0 (2.9) 5.6 (2.5) 1.9 (1.7) −8.6 (41.6)
Inferior 15.4 (10.1) 8.6 (7.2) 5.2 (5.0) 31.6 (68)
Th11 Superior 21.6 (20.6) 7.0 (4.2) 1.75 (0.3) 52.5 (10.6)
Inferior 6.7 (1.2) 2.8 (0.4) 0.8 (0.5) 70.6 (3.0)
Values are means and standard deviation (SD)
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DISCuSSIOn
The present study describes and specifies the anatomy of not yet described extraforaminal 
ligamentous attachments of the thoracic spinal nerves in the extraforaminal region. 
From the 2nd till the 9th thoracic level, the efls consist of a superior and an inferior part. 
The superior efl originates from the costovertebral joint and the superior transverse process. 
It inserts on the inferior transverse process. The superior part is identified as the superior 
costotransverse ligament. This ligament is ventrally attached to the spinal nerves. The inferior 
ligament attaches the nerve dorsally and originates and inserts on, respectively, the superior 
and inferior transverse process. In literature, no such ligament has been described. 
All the superior and inferior ligaments have a laterocranialdorsal mediocaudalventral 
orientation in relation to the spinal nerves. On the 10th and 11th levels, we see the same 
attachments to the thoracic spinal nerves. 
A review of different anatomic textbooks1,8,14–16 provided several descriptions of transforaminal 
ligaments. Rickenbacher et al.15 and Reulen14 describe a topographic relation of the spinal 
nerve and the superior costotransverse ligament. In contradiction to our findings, they draw 
the spinal nerve ventrally to the superior costotransverse ligaments. We found a dorsal 
position of the spinal nerve in all the ten measurements. Beside that, they do not mention 
connections between these two structures, which we found in all the specimens. 
Jiang et al.7 described the superior costotransverse ligaments as a tendinous, woven or 
membranous-like ligaments. The superior costotransverse ligaments in our study are more 
like the described ligaments by Ibrahim and Darwish6, existing of two parts. Although 
previous studies, by Jiang et al. and Ibrahim and Darwish, describe the anatomy of the 
extraforaminal region on the thoracic level, to the best of our knowledge, these studies do 
not mention the attachments of ligaments to the spinal nerves. 
A comparable situation of efls to spinal nerves was seen at lumbar levels9. In the present 
study, it was shown that at lumbar levels the spinal nerves were attached by extraforaminal 
ligaments to the intervertebral foramen and its surroundings. 
The features of the efls at the thoracic levels correspond to the 12th thoracic and the 1st 
lumbar levels. At these levels, the extraforaminal ligaments connect the spinal nerves to 
the intervertebral foramen and disc9. These ligaments cross the spinal nerves ventrally and 
are perpendicularly orientated to the spinal nerves. We hypothesize that the mechanical 
function of the thoracic ligaments appears to be the same as the 12th thoracic and first 
lumbar ligaments. The present findings on the efls of the thoracic spinal nerves are relevant 
for answering the question whether thoracic spinal nerves are subjected to compression and 
traction. 
Jiang et al.7 described the superior costotransverse ligament as perhaps the most important 
ligament for active lateral balancing of the spine. But they did not describe a relation to the 
spinal nerves. We assume that the most important function of these superior and inferior 
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extraforaminal ligaments is prevention of spinal nerve compression against the superior and 
inferior transverse process and not balancing the spine. 
In literature, protection of the peripheral nerves against nerve traction damage by pre-, 
intra- and extraforaminal structures such as the ligaments of Trolard20, Hofmann5, Spencer18, 
suspensor radial ligaments1, 3 and the denticular ligaments has been described. 
When moving the thoracic spinal nerve in craniocaudal direction, the efls protect the thoracic 
nerves from being pushed against the bony superior and inferior transverse process and the 
superior and inferior ribs. Based on the results of the present study, the following assumption 
can be formulated: the superior and inferior efls of the levels Th2–Th10 are important for 
craniocaudal positioning of the thoracic spinal nerve rather than protecting the nerve 
against traction damage. 
In this study, we used a limited number of fixated bodies of old aged people. Since fixation 
can cause shrinkage of anatomical structures, the measurements may be influenced by the 
fixation process. We thus must be aware of the fact that fixation and age-related degeneration 
might have influenced the size of the ligaments. 
At present, interpretation of these findings with respect to back pain and neuralgia is 
speculative. The described ligaments seem to protect against noxious stimuli rather than 
being the cause of any form of neuralgia. 
Currently, we are focusing on the anatomy of extraforaminal ligaments at cervical levels, 
biomechanical analysis of the extraforaminal ligaments, and further histological studies with 
respect to innervation of these ligaments. For these histological studies, we will use specific 
neuro-immunohistochemical staining. 
In conclusion, the extraforaminal ligamentous attachments described in this study connect 
the thoracic spinal nerve to the surroundings of the intervertebral foramen. The direction of 
these ligaments suggests that in the thoracic region the ligamentous fixation of the spinal 
nerves serves an optimal positioning of the nerve rather than a protection against pulling 
forces. 
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ABSTRACT
Background Context: During the last 120 years several mechanisms to protect the spinal 
nerve against traction have been described. All the described structures were located inside 
the spinal canal proximal to the intervertebral foramen. Ligaments with a comparable func-
tion just outside the intervertebral foramen are mentioned ephemerally. No studies are avail-
able about ligamentous attachments of cervical spinal nerves to adjacent vertebrae.
Purpose: To identify and describe ligamentous structures at each cervical level that attach 
spinal nerves to structures in the extraforaminal region.
Study design/Setting: An anatomical study of the extraforaminal attachments of the cervi-
cal spinal nerves was performed using human spinal columns.
Methods: Five embalmed human cervical spines (C1-C8) were dissected. Bilaterally, the ex-
traforaminal region was dissected to describe and measure anatomical structures and their 
relationships with the cervical spinal nerves. Histology was done on the ligamentous connec-
tions of nerves to the adjacent vertebral structures.
Results: The cervical spinal nerves are attached to the transverse process of the vertebrae. 
The connecting ligaments consist mainly of collagenous fibers.
Conclusion: At the cervical level, direct ligamentous connections exist between extraforami-
nal cervical spinal nerves and nearby structures. They may serve as a protective mechanism 
against traction. In addition, these ligaments play an important role in the positioning of the 
nerves in the intervertebral foramen. 
KEywORDS
spine, spinal nerve, intervertebral foramen, brachial plexus, extraforaminal.
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InTRODuCTIOn
Pre-, intra- and extraforaminal structures such as the ligaments of Trolard 1, Hofmann2, Spen-
cer3, suspensor radial ligaments4,5 and the denticular ligaments have been regarded as a pos-
sible source for neuralgia.3 However, determining more precisely the underlying cause of the 
irradiating pain should await detailed anatomical studies of particularly the extraforaminal 
region.
 The pathology of lesions to the cervical nerves is complex and variable. Lesions due 
to penetrating injury are usually restricted and localized. Traction injuries cause widespread 
damage that varies in an unpredictable way6. 
 A considerable amount of research has been undertaken to describe the anatomy 
of the intraforaminal and extraforaminal areas in the spine. 2,3,7,8,9,10 However, detailed ana-
tomical and histological studies on extraforaminal attachments of cervical spinal nerves to 
the adjacent vertebrae have not been performed. 
 Herzberg et al. (1985)11 describe microsurgical relations of the roots of the brachial 
plexus, but do not mention attachments of the spinal nerve at the levels C2 to C4. The spinal 
nerves C5, C6 and C7 of the supraclavicular part of the plexus are fixed to the vertebral col-
umn by small fibrous attachments of the epineurium to the transverse processes and in addi-
tion to the cervical fascia, which extends as fibrous sheath around the neurovascular bundle 
12. Herzberg et al.11 described that C8 and T1 do not have these additional attachments and 
are more prone to avulsion by traction. 
 At the thoracic 13 and lumbar levels 14 ligamentous connections between the extra-
foraminal parts of the spinal nerves and the adjacent vertebrae are described.
 In a biomechanical lumbar 15 and thoracic (Kraan et al., submitted) study the supe-
rior extraforaminal ligaments were shown to secure the spinal nerves centrally in the inter-
vertebral foramen and also reduce longitudinal tension.
 In order to better understand the biomechanical role of the ligaments in relation to 
the physiological and pathological loads on the cervical spinal nerves, detailed knowledge of 
the extraforaminal anatomy is necessary. The aim of this study is to describe the anatomy of 
the extraforaminal attachments of the cervical spinal nerves to the tissues surrounding the 
intervertebral foramina from the first cervical to the first thoracic spinal nerve. In addition, 
histological studies of the extraforaminal ligaments will be performed.
MATERIAlS AnD METHODS
Five human bodies, embalmed by vascular perfusion with a medium containing 2.2% 
formaldehyde, were used in the present study. In these bodies, the spine and adjacent 
structures were carefully dissected from the first cervical until the first thoracic vertebra (C1-
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T1). The specimens were carefully selected excluding bodies with pathological changes of the 
spine. The age of the specimens ranged from 74 to 92 years, none of the specimens showed 
any pathology during dissection involving or disrupting the extraforaminal structures. On 
both sides, the dissection was performed by approaching the intervertebral foramen from 
the lateral side. All the cervical spinal nerves were dissected down to the intervertebral 
foramen, carefully preserving all ligamentous attachments.
 At all levels, the origin, insertion, and the spatial orientation of the ligamentous 
structures were determined. At each level, the relationship with the spinal nerve and other 
surrounding structures of the intervertebral foramina was photographically documented. In 
addition, length and width of the ligamentous structures were measured with a millimetre 
calliper. Furthermore, the angle (α) between the ligaments and a line perpendicular to the 
longitudinal direction of the spinal nerves was measured (Figure.1). 
 We defined a mediocaudal to laterocranial direction of the ligaments in relation to 
the spinal nerve as positive, a mediocaudal to laterocranialdirection as negative (Figure 1).
 Between the first cervical and the first thoracic vertebra ligamentous attachments 
with the spinal nerves structures were identified, and their origin and insertion and the 
spatial orientation determined. 
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Figure 1. Ventral view of the cervical vertebra. Measurement of the angle (a) between the nerve and the extraforaminal ligament. The angle 
is designated as positive (a): a mediocranial-laterocaudal direction of the superior ligament in relation to the spinal nerve and mediocaudal-
laterocranial direction of the inferior ligament. Negative angle (-a) mediocaudal-laterocranial direction of the superior ligament and a 
mediocranial-laterocaudal direction of the inferior ligament.
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Histology
After the measurements and photographic documentation, the ligamentous connections 
between the extraforaminal spinal nerves and the nearby structures were dissected and fixed 
in neutral formalin. Consequently, the tissue was embedded in gelatine and cut transversely 
at 40 μm thickness. After mounting, the sections were stained with hematoxyline-eosin (H&E) 
for identification of collagen fibres and by the Elastica van Gieson method (EVG) to identify 
elastin fibres.
RESulTS
The dissected specimens show extraforaminal attachments of the spinal nerves bilaterally at 
all levels. Figures 2 and 3 show characteristic extraforaminal ligamentous networks from the 
second cervical to the first thoracic levels (C2-Th1). These ligaments consist of a ventral and 
dorsal part. The ventral parts are called the ventral extraforaminal ligaments (vefl). (Figure 2) 
The dorsal parts are called the dorsal extraforaminal ligaments (defl). The spinal nerves are 
extraforaminally attached to the neighbouring, anterior and posterior tubercle of the cervical 
transverse process by the ventral and dorsal extraforaminal ligament (efl).
Table 1. Level C2-T1. Length, width and depth of the ventral and dorsal superior (sup) and inferior (inf) extraforaminal ligaments of the spinal 
cervical nerves to the cervical transverse processes (n=10). 
level ligament length (mm) (SD) width (mm) (SD) depth (mm) (SD) angle(°)(SD)
C2 ventral sup 12,5(8,4) 4,0(2,2) 0,5(0,3) 11,1(12,7)
dorsal sup / inf 23,1(12,7)/20,3(2,8) 7,4(9,5)/2,3(2,4) 0,9(0,5)/0,7(0,1) 81,1(7,2)/24,1(26,8)
C3 ventral sup / inf 9,1(1,3)/9,8(1,7) 5,2(3,1)/2,3(0,8) 0,5(0,3)/0,4(0,2) 26,3(20,6)/14(13,5)
dorsal sup / inf 11,2(1,3)/8,8(2,7) 4,0(1,5)/2,4(0,3) 0,6(0,5)/0,4(0,2) 68,1(6,8)/11,8(9,4)
C4 ventral sup / inf 9,0(1,8)/11,2(5,7) 7,6(2,3)/5,9(1,5) 0,7(0,5)/0,6(0,1) 54,7(36)/13,8(3,8)
dorsal sup / inf 8,3(1,9)/9,5(4,7) 3,9(1,1)/4,0(2,8) 0,8(0,5)/0,5(0,3) 75,1(11,6)/27,9(7,0)
C5 ventral sup / inf 11,0(1,8)/13,1(8,1) 4,9(3,0)/5,9(1,5) 1,2(0,9)/1,1(1,2) 59,5(7,1)/7,6(7,1)
dorsal sup / inf 9,6(1,8)/19,6(4,5) 4,5(2,5)/5,2(1,1) 0,6(0,3)/0,5(0,2) 64,7(16,2)/5,2(11,5)
C6 ventral sup / inf 8,8(2,1)/13,3(4,3) 5,1(2,6)/7,6(2,4) 0,9(0,3)/1,1(0,7) 54,3(21,8)/13,0(6,9)
dorsal sup / inf 9,8(2,7)/17,6(3,3) 6,1(4,4)/4,6(1,7) 0,6(0,3)/1,8(0,5) 75,1(25,0)/8,9(1,4)
C7 ventral sup / inf 8,2(1,6)/15,2(9,3) 7,4(3,8)/5,6(1,5) 0,7(0,2)/0,9(0,3) 50,6(34,1)/9,5(5,5)
dorsal sup / inf 9,7(1,4)/15,8(1,7) 5,8(3,2)/4,8(1,1) 0,6(0,2)/0,8(0,1) 56,0((28,0)/10,8(4,0)
C8 ventral sup / inf 10,8(1,0)/13,1(4,5) 6,7(4,0)/5,7(2,5) 0,5(0,2)/0,5(0,4) 77,4(8,5)/27,1(12,3)
dorsal sup / inf 9,7(7,6)/16,1(3,5) 8,2(3,3)/3,6(1,7) 0,8(0,4)/0,7(0,5 78,5(10,7)/15,7(19,0)
T1 ventral sup / inf 8,4(3,0)/8,6(4,0) 7,1(4,4)/7,4(7,3) 0,8(0,4)/0,4(0,1) 72,9(34,4)/55,5(44,5)
dorsal sup / inf 12,3(6,5)/19,6(6,2) 4,9(2,1)/6,9(0,9) 0,7(0,4)/0,4(0,6) 71,5(12,3)/12,3(0,8)
Values are means and standard deviation (SD).
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Figure 2. Right ventral lateral view. Dissection of the second cervical till fifth cervical spinal nerves (2-5) and seventh cervical spinal nerve. Except 
for the second cervical spinal nerve, the extraforaminal ligaments (efl) consist of a superior and an inferior part. The superior ligaments pass 
the spinal nerves ventrally; the inferior ligaments are attached inferior and medial to the spinal nerves. C1-5,7 : first to fifth and seventh cervical 
vertebra; T1: first thoracic vertebra; tp: transverse process; va: vertebral artery.
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 The ventral and dorsal extraforaminal ligaments consist of a superior and inferior 
part, in which the inferior ventral and dorsal ligaments are attached to each other. 
 These attachments vary at different levels. Detailed anatomical description of the 
individual levels shows the following findings. Some figures are displayed as a supplement to 
reduce the number of figures. They are marked in the text with S.
The Table  shows length and width of the efl and the angle between the extraforaminal 
ligament and the spinal nerve. 
In all specimens, from the 2nd cervical till 1st thoracic level, the superior ligaments run 
from mediocranial to laterocaudal forming a positive angle. The inferior ligaments run from 
mediocranial to laterocaudal forming a positive angle. (Table)
The ventral parts
Spinal nerves C1: between occiput and C1
At the occiput and segmental level C1 there are no direct attachments of the spinal nerve to 
the transverse process. 
Spinal nerves C2
The spinal nerve C2 has an all around attachment to the transverse process of the first cervical 
vertebra (Figure 2a). 
Spinal nerves C3-C5
The spinal nerves C3, C4 and C5 are more descending (Table). The ventral extraforaminal 
ligaments consist of a superior and inferior ligamentous attachment. The ventral superior 
extraforaminal ligament originates from the capsule of the lateral part of the uncovertebral 
joint and the cranial transverse process and passes the nerve at its ventral side. It inserts 
on the spinal nerve. In all specimens, the inferior ligament originates from the anterior and 
posterior tubercle of the caudal transverse process and inserts on the caudal part of the 
spinal nerve. 
The spatial orientation of the superior ligament is from mediocranial to laterocaudalcaudal. 
The orientation of the inferior extraforaminal ligaments is in general parallel to the cervical 
spinal nerves.
When the nerves are pulled away laterally, fibrous attachments can be observed on the 
medial part of the nerves (Figures 2d and 2e). 
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Spinal nerves C6-C7
The spinal nerves C6-C7 show the same fibrous connections from the medial part of the 
nerves to the anterior and posterior tuberculum of the transversal processes as at the levels 
C3-C5. However, the nerves are laterally enclosed by a fibrous sheath from the outer parts 
of the anterior and posterior tubercle of the transverse process of the cervical vertebrae. 
The inferior ligament originates from the anterior and posterior tubercles of the caudal 
transverse process and inserts on the caudal part of the spinal nerve. The spatial orientation 
of the superior ligament is from mediocranial to laterocaudal. The orientation of the ventral 
superior extraforaminal ligaments is perpendicular to the cervical spinal nerves (Figure S1). 
The orientation of the inferior extraforaminal ligaments is parallel to the cervical spinal 
nerves. (Figure 2e and S2)
When the nerves are manipulated to the lateral side fibrous attachments can be observed on 
the ventral-dorsal medial part of the nerves (Figure S3). 
Spinal nerves C8 and T1
The spinal nerves at the levels C8 and T1 have a more or less all around attachment to the 
transverse process of the seventh cervical vertebra and the first thoracic vertebra (figure S4 
and S5). 
The dorsal parts
Spinal nerve C1
Between occiput and the first cervical vertebra there are no direct attachments of the spinal 
nerve to the transverse process. 
Spinal nerve C2
The spinal nerve C2 has a superior and inferior attachment to the transverse process of the 
first cervical vertebra (figure S6). 
Spinal nerves C3-C8
The spinal nerves C3 – C8 show almost the same extraforaminal ligamentous configuration 
as the extraforaminal ligaments at the ventral side (Figure 3 and Figure S7). The dorsal 
extraforaminal ligaments consist of a superior and inferior ligament. The dorsal inferior 
ligament is connected to the ventral inferior ligament. The dorsal superior extraforaminal 
ligament originates from the cranial transverse process and passes the nerve on its dorsal 
side. It inserts on the caudal transverse process. In all specimens, the inferior ligament 
originates from the the anterior and posterior tubercle of the caudal transverse process and 
inserts on the caudal part of the spinal nerve. 
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The spatial orientation of the superior ligament is from mediocranial to laterocaudal. The 
orientation of the ventral superior extraforaminal ligaments is perpendicular to the cervical 
spinal nerves. The orientation of the inferior extraforaminal ligaments is parallel to the 
cervical spinal nerves. 
Spinal nerve T1
The spinal nerve T1 has a more or less all around attachment to the transverse process of the 
seventh cervical vertebra and the first thoracic vertebra (Figure S8). 
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Figure 3. Right dorsal lateral view. Dissection of the third to fifth cervical spinal nerves (3-5). The dorsal extraforaminal ligaments (efl) consist of 
a superior and an inferior part. The superior ligaments pass the spinal nerves dorsally; the inferior ligaments are attached inferior and medial to 
the spinal nerves. C3-5: third to fifth cervical vertebra; tp: transverse process
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Histology
At all cervical levels in all specimens the connections between the extraforaminal part of the 
spinal nerves and nearby structures consist of collagen fibers (Figure 4). These collagen fibers 
are parallel orientated and attached to the epineurium of the nerve. 
In addition, these ligaments seem to contain less than 10 % elastine as can be seen in Elastica 
van Gieson staining. No major histological differences were seen at the various cervical levels.
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Figure 4. 40-mm thick coupes of transverse section of the cervical spinal nerve (n). Staining with hematoxylin-eosin (H&E) and Elastica van 
Gieson (EvG). The extraforaminal ligaments (efl) consist of parallel-orientated collagen fibers and are attached to the outer parts (epineurium: e) 
of the nerve tissues and transverse process (tp). VA: vertebral artery
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DISCuSSIOn
The present study describes and specifies the anatomy of extraforaminal ligamentous 
attachments from the second cervical to the first thoracic spinal nerves in the extraforaminal 
region. 
From the second cervical to the first thoracic spinal nerve the extraforaminal ligaments 
consist of a ventral and dorsal superior and inferior part. The ventral superior extraforaminal 
ligaments originate from the anterior tubercle of the transverse process. It inserts on the 
posterior tubercle of the transverse process. The ventral side of this ligament is attached to 
the spinal nerves. The dorsal superior extraforaminal ligament attaches the nerve dorsally 
and originates from the dorsal part of the transverse process. It inserts on the epineurium of 
the spinal nerves. 
In literature, protection of the peripheral nerves against nerve traction damage by pre-, 
intra- and extraforaminal structures such as the ligaments of Trolard1, Hofmann2, Spencer3, 
suspensor radial ligaments4 and the denticular ligaments has been described. 
A review of various anatomy textbooks16,17,18 provided several descriptions of extraforaminal 
ligaments. Sunderland9 describes fibrous structures connecting the spinal nerves to the 
cervical spinal column. 
Herzberg et al. described a semiconic superior ligament connecting mainly C5 but to a 
minor degree also C6 and C7 to the cervical spine. The ventral superior extraforaminal 
ligaments in our study resemble the ligaments described by Herzberg.11 However, the same 
type of ligaments are present at the levels C2-C4 and C8 and T1. Herzberg did not describe 
connections at the level C8, T1.
A comparable situation of extraforaminal ligament attachments to spinal nerves was seen at 
the thoracic13 and lumbar levels14. 
The superior extraforaminal ligament at the cervical levels resemble the twelfth thoracic 
and the first superior extraforaminal lumbar ligaments. At these levels the extraforaminal 
ligaments connect the spinal nerves to the intervertebral foramen and disc14. These ligaments 
cross the spinal nerves ventrally and are perpendicularly orientated to the spinal nerves. In 
a biomechanical lumbar study15 it was shown that the superior extraforaminal ligaments 
secure the spinal nerves centrally in the intervertebral foramen and also reduce longitudinal 
tension. In a biomechanical thoracic study (Kraan et al., unpublished data) it was found that 
also at the thoracic levels the extraforaminal ligaments secure a spinal nerve centrally in the 
intervertebral foramen. The anatomy of the efl at the lumbar, thoracic and cervical segment 
levels is similar at length, wide and angle for all ligaments. We hypothesize that also at the 
cervical level, the function of the efl is securing the cervical spinal nerve in the centre and 
thereby protecting the spinal nerve against compression and reducing longitudinal tension.
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The present findings on the extraforaminal ligaments of the cervical spinal nerves are relevant 
for answering the question whether proximal parts of the cervical spinal nerves are subjected 
to compression and/or traction.
The inferior extraforaminal ligaments at the cervical levels resemble the inferior extraforaminal 
lumbar ligaments. These ligaments are more in a longitudinal direction in respect to the 
spinal nerves. In the lumbar biomechanical study15 it was shown that the inferior lumbar 
extraforaminal ligaments reduce longitudinal tension. Similarly, we hypothesize that the 
mechanical function of the extraforaminal cervical ligaments is to reduce longitudinal 
tension of the nerves.
When moving the cervical spinal nerves in ventral and dorsal directions, the extraforaminal 
ligaments protect the spinal nerves of being pushed against the bony superior and inferior 
transverse process.
In this study, we used a limited number of fixated bodies of old aged people. Since fixation 
can cause shrinkage of anatomical structures, the measurements may be influenced by the 
fixation process. We thus must be aware of the fact that fixation and age related degeneration 
might have influenced the size of the ligaments. 
At present, any causal relation between the presence of the described ligaments and 
neuralgia is speculative. The described ligaments seem to protect against noxious stimuli 
rather than being the cause of any form of neuralgia. 
Currently, we are focusing on the biomechanical analysis of the extraforaminal ligaments 
and further histological studies with respect to innervation of these ligaments. For these 
histological studies we will use specific immunohistochemical staining. 
In conclusion: the extraforaminal ligaments described in this study connect the cervical spinal 
nerves to the surrounding transverse processes. The direction of these ligaments suggests 
that in the cervical region the ligamentous fixation of the spinal nerves serves an optimal 
positioning of the nerve and a protection against pulling forces at all levels.
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KEyPOInTS
The cervical spinal nerves are extraforaminally attached to the vertebrae by ligamentous 
structures that are characteristic for each level:
•  At  the  cervical  level  (C2-C8)  ligaments  connecting  spinal  nerves  to  the  transverse 
process can be observed.
•  A  ventral  and dorsal  ligament  can be observed. These  ligaments  each  consist  of  a 
superior and inferior part.
•  The ventral ligaments cross the extraforaminal part of the cervical spinal nerves later-
ally. The superior parts are perpendicularly orientated to the nerve. The inferior liga-
ments are more parallel. They are connected to the spinal nerve. 
•  The dorsal  superior and  inferior  ligaments attach  the  spinal nerve dorsally and are 
orientated perpendicularly and parallel to the nerve, respectively.
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ABSTRACT
Background: In a previous study, ligaments that connect the extraforaminal lumbar spinal 
nerves with the fibrous capsule of the facet joints and the dorsolateral side of the interverte-
bral disc were described. This anatomical configuration suggests a mechanical role in trans-
ferring extraforaminal spinal nerve traction.
Methods: One embalmed human lumbar spine was dissected from the twelfth thoracic ver-
tebra to the first sacral vertebra to isolate the twelfth thoracic to the fourth lumbar spinal 
nerves. The spinal nerves from L1 to L4 were pulled at different angles with respect to the axis 
of the spine. Forces of 1-6 N were applied. The displacements of reflective markers glued to 
the proximal and distal ends of the adjoining ligaments were recorded with a video system.
Findings: The spinal nerve proximal of the extraforaminal ligaments (efl) stays centred in 
the intervertebral foramen when pulling at an angle. At levels L1-L4 strain reduction by the 
extraforaminal ligaments was largest when pulling at a wider angle to the spinal axis in the 
sagittal plane. Proximal to the efl less displacement was seen compared to the displacement 
distal of the efl when pulling in longitudinal direction. A graded decrease in the displacement 
proximal to efl was seen from the levels L1 to L4.
Interpretation: Extraforaminal ligaments play an important role in the prevention of dam-
age due to spinal nerve traction. The proximal attachments secure a spinal nerve position 
central in the intervertebral foramen and also reduce longitudinal tension. 
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InTRODuCTIOn
During activities of daily life, spinal nerves are subjected to tensile forces (Ko et al., 2006). 
A number of different structures, like the ligaments of Trolard (Trolard, 1888) , Hofmann 
(Hofmann 1898) , Spencer (Spencer et al., 1983) and the suspensory (Berry et al., 1987) and 
denticular ligaments inside the spinal canal protect the spinal nerves from being pulled 
out of the spinal cord. The angulated course of the spinal nerve roots protects them from 
stretch (Nathan and Feuerstein, 1970; Reid, 1989; Rydevic et al., 1984; Sunderland, 1983; 
Tencer, 1985). Grimes et al. (2000) described intraforaminal nerve root attachments with 
significant increase in strength under axial traction, progressing from L3 to L5. Peretti et 
al.(1989) described fibrous expansions attaching the nerve roots at the periphery of the 
foramen. These expansions render a resistance of the nerve root to rupture. However, Peretti 
did not describe the amount of movement of the spinal nerve compared to loading force 
and direction of the force. Spencer et al. (1983) described a lateral root ligament located 
within the spinal canal, fixating the proximal nerve root sleeve to the caudal pedicle of the 
intervertebral foramen. Melvill and Baxter (1994) assume that the extraforaminal tissue bands 
enclosing the spinal nerve laterally, hinder the nerve to move aside to avoid compression by 
a prolapsing disc. However, they did not describe connections of these bands to the nerves. 
In a previous study (Kraan et al., 2005) it was shown that the extraforaminal ligaments (efls), 
which are stretched between the articular capsule of the facet joints and the dorsolateral side 
of the intervertebral disc, are halfway attached to the spinal nerve, either laterally or medially 
(Figure 1). At all lumbar levels (L1-L5) a superior and inferior ligament can be observed. At 
each level the superior ligaments are laterally connected to the spinal nerves. The inferior 
ligaments at the levels L1 and L2 attach the spinal nerves to the intervertebral disc and the 
articular capsule of the facet joint. At the levels L3 – L5 the inferior ligaments that originate 
from the intervertebral disc attach to the spinal nerves on the ventral/lateral side (Figure 1). 
This anatomical configuration suggests a mechanical role for these ligaments in guiding 
extraforaminal spinal nerve traction, with different characteristics at different levels. 
In this study, we explored the mechanical role of the extraforaminal ligaments in protecting 
the spinal nerve roots from traction and entrapment between the vertebrae. To this end, 
we performed a cadaver study with dissection of the ligaments under various nerve loading 
conditions. 
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Figure 1. Left lateral view of the first to fifth lumbar spinal nerve (n). efl: extraforaminal ligament; th12: twelfth thoracic vertebra; l1-l5: 1st-5th 
lumbar vertebra; d: intervertebral disc; cf: fibrous capsule of the facet joints (with permission)
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METHODS
Two human bodies embalmed by vascular perfusion with a solution containing 2.2% 
formaldehyde were dissected from the twelfth thoracic vertebra to the fifth lumbar 
vertebra as far as the intervertebral foramen. The spinal nerves were exposed bilaterally 
by careful dissection, meticulously preserving all soft tissues surrounding the nerves in the 
intervertebral foramen
The lumbar spinal segments were attached to a laboratory frame by applying an external 
fixator to the ilia and sacrum. Forces were simulated with weights from 0-6 N with increments 
of 1 N. A pulley was used to apply various traction angles in the sagittal plane. Different angles 
were chosen because of the possible different physiological ranges of motion at the various 
lumbar levels. The spinal nerve at the first lumbar level, L1, is loaded in longitudinal direction 
and at the angles: 5º, 10º, 15º and 20º anteriorly in the sagittal plane. The second lumbar 
spinal nerve, L2, is loaded in longitudinal direction and the angles: 5º, 10º and 15º anteriorly. 
The third lumbar spinal nerve, L3, is loaded in longitudinal direction and the angles 5º and 
10º anteriorly. The fourth lumbar spinal nerve, L4, is loaded in longitudinal direction and 5º 
anteriorly.
Vision dynamics (VCS 512II) markers were attached to the surface of the twelfth thoracic 
to the fourth lumbar vertebra and their surrounding structures. The following configuration 
was created (Figure 2a): Marker 1: proximal to the intervertebral foramen on the vertebra; Figure	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Marker 2, 3 respectively placed on the ventral, dorsal part of efl; Marker 4: on the spinal nerve 
proximal to efl; marker 5 and 6: distal to efl.
These markers reflected the infrared light sent from a light source. We used 3-D videorecording 
with 2 CCD cameras (HCS Vision Technology MX5); accuracy was 0.1 degree (Keemink, 1991). 
The contrast between the images of the markers and the environment was enhanced by 
means of an infrared filter. The video signal was digitized using a Vision Dynamics VCS 512II 
video processing board (Vision Dynamics Ltd., Hampstead England). The digitization of the 
image is done automatically by the Vision Dynamics system: this system stores images in 
a video memory and calculates the centers of the marker images. The coordinates of the 
markers were calculated automatically using a Vision Dynamics VCS 512II video processing 
board.
The displacement of the spinal nerve proximal to the efl was measured at different angles. 
Spinal nerves were subjected to traction forces of 0-6 N, with increments of 1 N. Measurements 
were repeated at the levels: L1, L2, L3 and L4. The spinal nerve L5 was not included in this 
study because of the inability to move in any direction.
Angle differentiation of the nerve proximal and distal of the efl
The spinal nerves were loaded at the angles of 5º, 10º, 15º and 20º in anterior direction (Figure 
2b), defined as angle α. When loaded at the angle α, the angle between a line through 1 and 
4 and a line through 5 and 6, β, was measured.Figure	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Figure 2b. Angle, ß, line through markers 1 and 4, and 5 and 6. Angle, α, through markers 5 and 6 the longitudinal axis. 
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Comparison of displacement proximal and distal to the efl at level L1-L4
The spinal nerve is loaded in longitudinal direction and at the angles: 5º, 10º, 15º and 20º 
anteriorly in the sagittal plane. Displacement of the spinal nerve proximal and distal to the efl 
is measured by the projected displacement (pnd) of marker 4 and marker 5. (Figure 2c) (See 
appendix A)
Elongation of the spinal nerve distal of the efl at level L1-L4
The distance between marker 5 and marker 6 was measured when the nerve was loaded 
under longitudinal traction and the different angles per level.
Load absorption by the efl in longitudinal direction per level
The displacement of the nerve proximal to the efl was measured at the levels L1 to L4 when 
pulling the peripheral part in longitudinal direction. The projected nerve displacement, pnd, 
of marker 4, compared to the starting position was measured and compared from L1 to L4 
(Figure 2c). 
RESulTS
Visually, the following phenomenon could be observed. When pulling the spinal nerve 
anteriorly, the posterior part of the efl is stretched (Figure 3). Macroscopically almost 
no displacement of the nerve proximal and at the level of the efl is seen, which prevents 
compression of the nerve against the intervertebral disc at that level (Figure 3). 
Angle differentiation of the nerve proximal and distal of the efl
When the spinal nerves are loaded with 6 N under an angle α of 5°, 10°, 15° and 20°, an 
angulation β of respectively 175°, 171°, 166°, 159° was found (Figure 4). Angles α and β showed 
an almost linear inverse relationship. This means that the efl keeps the nerve centered in the 
intervertebral foramen. 
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Figure 2c. Projected nerve displacement (pnd). Marker 4 is considered in relation to marker 1, as reference point.
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Displacement proximal and distal of the efl at level L1-L4
In figure 5 the dotted lines represent the displacement of marker 5 when loading the nerves 
at different angles. The solid lines represent the projected displacement of marker 4 when 
loading the nerves at different angles. Less projected displacement of marker 4 is seen 
compared to the projected displacement of marker 5. This is representative in all angles at 
all levels. 
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Figure 3. Macroscopically a ventral loaded spinal nerve is displaced at the level of the EFL. The dorsal fibers of the EFL become stretched, so the 
nerve proximal (n) of the EFL has a minor displacement. l: lumbar vertebra; d: intervertebral disc; fc: fibrous capsule of the facet joints. l: lumbar 
vertebra; d: intervertebral disc.
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Figure 4. The spinal nerves are loaded at the angle a: 5°, 10°, 15° and 20°. Respectively, the angulations b: 175°, 171°, 166°, 159° originates. 
Angles a and b show an almost linear inverse relationship. 
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Figure 5 
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Figure 5. Displacement proximal and distal of the EFL at levels:
a) L1 b) L2 c) L3 d) L4. The dotted lines represent the displacement of marker 5 when loading the nerves at different angles. The solid lines 
represent the displacement of marker 4 when loading the nerves at different angles. 
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Figure 6. Elongation of the spinal nerve distal to the EFL, εd, at levels a) L1 b) L2 c) L3 d) L4. A larger angle shows more elongation distal to the 
EFL. This is representative at all levels.
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Elongation of the spinal nerve distal to the efl at level L1-L4
The distance between marker 5 and 6 increases with the larger angle (Figure 6), which means 
most of the tension is reduced at the level of the efl and is not conveyed to the spinal nerve 
root proximal of the efl. This is representative at all levels.
Load reduction by the efl in longitudinal direction per level
When pulling in the longitudinal direction most displacement proximal to the efl was seen 
on level L1. A graded decrease in displacement was seen from level L1 to L4 (Figure 7). This 
means there is a larger loading capacity of the efl at the more caudal levels.
DISCuSSIOn
In a previous study, ligaments between the fibrous capsule of the facet joints and the 
dorsolateral side of the intervertebral disc, with a halfway attachment to the extraforaminal 
part of the spinal nerves, were identified (Kraan et al., 2005). In this study it is shown that 
these extraforaminal ligaments form a first line of defence to protect the spinal nerve roots 
against traction. 
It appears that a large portion of extraforaminal traction can be diverted by the Extraforaminal 
Ligament (efl). When subjected to traction, the spinal nerve shows more elongation distally 
than proximally to the efl. Beside that, there is a load reducing capacity of tensile forces 
in ventral direction of the lumbar spinal nerves. The spinal nerve proximal to the efl stays 
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Figure 7. When pulling in the longitudinal direction at level L1 the most displacement proximal to the EFL was seen. A graded decrease in 
displacement was seen from level L1 to L4.
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centred when the nerve is pulled at an angle. Thus, the spinal nerves are protected against 
compression when moving the nerves in ventral and dorsal direction. Furthermore, we found 
that the load reducing capacity in the longitudinal direction of the nerve increases from L1 
to L4. The same was observed in the studies of de Peretti et al.(1989) and Grimes et al.(2000).
Since the end of the nineteenth century it was assumed that several intradural and 
intraforaminal mechanisms protect nerve roots against being pulled out of the spinal 
cord (Mellvill and Baxter, 1994;Nathan and Feuerstein, 1970;Reid, 1989;Rydevic et al., 
1984;Sunderland, 1983;Tencer, 1985). The load reducing capacity of the extraforaminal 
ligaments puts the function of intraforaminal and intradural mechanisms, like the ligaments 
of Trolard (Trolard, 1888), Hofmann (Hofmann 1898), Spencer (Spencer et al., 1983) and the 
suspensory (Berry et al., 1987) and denticular ligaments, in discussion. We suggest that the 
intraforaminal mechanisms are meant for the coaxial positioning of the cauda equina and 
spinal cord in the spinal canal, avoiding lateral compression and flattening of the nervous 
system when bending the spine.
Two factors that might have influenced the results of this study are the formaldehyde fixation 
and the high age of the specimen. Fixation may cause shrinking of the anatomical structures 
up to 10%. This is an unavoidable draw back since the dissection and measurements take 
so much time that use of fresh material would cause much greater problems. However, 
although the absolute displacements and angulations may include uncertainties, the trends 
of the measurements are correct because the results have always been interpreted in relation 
to other displacements in the same structure (e.g. distal vs. proximal to the efl). 
For research on this issue we think of flexion/extension/torsion and shear tests on a specimen 
with intact muscles. We hypothesize that in different loading situations the efl provides a 
coaxial position of the spinal nerves, preventing nerve damage due to shoving against 
surrounding structures. 
Summarizing, we state that the here described extraforaminal ligament attachments convey 
traction to the disc and fibrous capsule of the lumbar vertebrae, and hence distracts tensile 
forces from the intraforaminal nerve roots. Therefore, we conclude that the extraforaminal 
ligaments have a mechanical function in preventing spinal root compression.
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APPEnDIx
The projected displacement, pnd, (Figure 2c) of the spinal nerve out of the intervertebral 
foramen was calculated with:
Formule berekening verplaatsing marker
Algemeen geldt:
Het inproduct u·v van twee vectoren u en v kan op twee manieren berekend 
worden:
u⋅v = xu xv + yu y v = ∣u∣⋅∣v∣⋅cos(α) (1)
Hierin zijn |u| en |v| de lengtes van vectoren u en v, α is de hoek tussen de 
vectoren.
We kunnen cos(α) dus berekenen met:
 cos(α) = xu xv + yu yv∣u∣⋅∣v∣ (2)
Wij zoeken de lengte van vector w, hiervoor geldt:
∣w∣ = ∣v∣⋅cos(180o−α) = −∣v∣⋅cos(α)
We berekenen cos(α) met formule (2):
∣w∣ = −∣v∣⋅xu xv + yu yv∣u∣⋅∣v∣
∣w∣ = −xu xv − yu yv∣u∣
Voor onze situatie wordt dit:
∣w∣ = −( x1− x40)( x4Fi− x40) − ( y1− y40)( y4Fi− y40)√( x40−x1)2+( y40− y1)2
Ofwel:
∣w∣ = ( x40−x1)(x4Fi− x40) + ( y40− y1)( y4Fi− y40)√(x40− x1)2+( y40− y1)2
In de formule in Clin. Biomech. zijn in de noemer de kwadraatjes en het +-teken weggevallen.
x1  x-co-ordinate of the marker on the vertebra 
y1  y-co-ordinate of the marker on the vertebra
x40  x-co-ordinate of the marker proximal of efl 
y40  y-co-ordinate of the marker proximal of efl
x4Fi  x-co-ordinate of the marker proximal of efl loaded with different forces (Fi)
y4Fi y-co-ordinate of the marker proximal of efl loaded with different forces (Fi)
Fi is respectively the loading force: 1 N, 2 N, 3 N, 4 N, 5 N and 6 N. 
(further explanation page 137)
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Chapter 6
Thoracic extraforaminal ligaments prevent 
spinal nerve compression
G.A. Kraan, E.A. van der Kamp, P.V.J.M. Hoogland, T. H. Smit 
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ABSTRACT
Purpose: To describe the mechanical properties of the thoracic extraforaminal ligaments 
(efl), connecting the extraforaminal thoracic spinal nerves (intercostal nerves) with the cra-
nial and caudal transverse processes.
Methods: Two embalmed spines were dissected from the first thoracic to the twelfth tho-
racic vertebra to isolate the second to eleventh thoracic spinal nerves (T2-T11). The spinal 
nerves were pulled in the longitudinal direction and at different angles with respect to the 
anatomic position of the nerves in order to simulate cranial and caudal movements of the 
nerves, during respiration. Sonomicrometry crystals were attached to the surface of the 
second to eleventh thoracic spinal nerves and their surrounding structures. In the first speci-
men, elongation of the proximal and distal ends of the adjoining ligaments was measured. In 
the second specimen the extraforaminal ligaments were intact or transected in turns. Spinal 
nerves were loaded until failure.
Results: The spinal nerve proximal to the efl stays centered in the intervertebral foramen 
when pulling at an angle. More elongation of the spinal nerve proximal to the efl is seen 
when the efl is transected. Proximal of the efl more elongation was seen compared to distal 
to the efl when pulling in the longitudinal direction. When the thoracic spinal nerves were 
loaded till rupture, the spinal nerves tear distally to the efl.
Conclusions Extraforaminal thoracic ligaments secure a spinal nerve position in the centre 
of the intervertebral foramen and serve as a protective mechanism against compression of 
the nerves by nearby structures.
KEywORDS
spinal nerve, extraforaminal ligaments, transforaminal ligaments, thoracic spine, intercostal 
nerve.
Thoracic extraforaminal ligaments prevent spinal nerve compression 83
InTRODuCTIOn
During activities of daily life, spinal nerves are subjected to tensile forces1. A number of 
different structures like the ligaments of Trolard2, Hofmann3, Spencer4, the suspensory5 and 
the denticular ligaments inside the spinal canal protect the spinal nerves from being pulled 
out of the spinal cord. The angulated course of the spinal nerve roots in the spinal canal 
protects them from stretch6,7,8,9,10. Grimes et al11 and Peretti et al.12 described intraforaminal 
nerve root attachments with significant more tensile resistance, under axial traction, 
progressing from L3 to L5.
There are a lot of different pathological conditions that involve the thoracic nerve roots and 
spinal nerves. In a previous study13 it was shown that the extraforaminal ligaments (efls), 
which are stretched between the transverse process of the vertebrae cranial and caudal 
to the intervertebral foramen, are halfway attached to the thoracic (Figure 1) and lumbar14 
spinal nerves. At lumbar levels the extraforaminal ligaments convey traction to the disc and 
fibrous capsule of the facet joints of the lumbar vertebrae15. The anatomical configuration 
at thoracic levels suggests a mechanical role for these ligaments in guiding extraforaminal 
spinal nerve traction. 
Jiang et al.16 describe the superior costotransverse ligament (sctl) as perhaps the most 
important ligament for lateral balancing of the spine. Here we propose an alternative 
hypothesis, namely that another important function of the superior and inferior extraforaminal 
ligament could be prevention of spinal nerve compression against the superior and inferior 
transverse process during respiration. 
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Figure 1. Right thoracic spinal nerves with ribs after removal of sympathetic trunk. efl: extraforaminal ligament attachments; t6-t7: 6th-7th 
spinal thoracic nerve; r6-7: 6th-7th rib; if: intervertebral foramen; sctl: superior costotransverse ligament. EFL marked in red.
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In this study, we explored the mechanical role of the thoracic extraforaminal ligaments 
in protecting the thoracic spinal nerve roots from traction and entrapment between the 
vertebrae, under various nerve loading conditions.
METHODS
Two human bodies embalmed by vascular perfusion with a solution containing 2.2% 
formaldehyde were dissected from the first cervical vertebra to the twelfth thoracic 
vertebra as far as the intervertebral foramen. The spinal nerves were exposed bilaterally 
by careful dissection, meticulously preserving all soft tissues surrounding the nerves in the 
intervertebral foramen.
The spinal specimens were attached to a laboratory frame by applying an external fixator to 
the first cervical vertebra and the first lumbar vertebra. The distal ends of the spinal nerves 
were attached to the small load cell (max 250 N) of a mechanical testing device (Instron 8872, 
Instron Corp., Canton, MA, USA) and loaded from 0 until 8 N, which is in the physiological 
range17. A pulley was used to apply traction under various angles in the sagittal plane. In 
literature the movement of the ribs ranges from 40-60 degrees18. Different angles were 
chosen based on the range that the thoracic spinal nerves can move freely in cranial and 
caudal directions in the intercostal space. 
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Figure 2. Crystals 1 and 2: on the spinal nerve proximal of the EFL; crystal 3, crystal 4: distal of the EFL; crystals 5, 6 placed on the dorsal and 
ventral part of the EFL, respectively; crystal 7 on the EFL on the crossing point with the spinal nerve. εp, εd: elongation proximal, distal of the EFL; 
δs, δi: displacement superior, inferior of the proximal nerve. 
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Small 0.7 mm sonomicrometry crystals (Sonometrics, Inc.) with 42 gauge wire leads were 
glued with histoacryl at the efl and on the spinal nerve proximally and distally of the efl. 
During the experiments the specimens were submerged in 0.9 % NaCl solution for the 
ultrasound measurements.
The following soniometric crystal configuration was created (Figure 2): crystal 1 and 2, were 
placed on the spinal nerve proximal of efl; crystal 3 and 4: distal of efl; crystals 5 and 6 were 
placed on the dorsal and ventral part of efl, respectively. Crystal 7 was placed on the efl on the 
crossing point with the spinal nerve. The distance between these crystals was quantified by 
measuring the time between the pulse of one crystal and detection of the pulse by the other 
crystals, multiplied by the speed of sound in 0.9 % NaCl solution (1540 m/s). 
The spinal nerves were subjected to traction. A pulley was used to adjust different angles in 
the frontal plane (Figure 2). 10 º and 20 º in cranial and caudal direction were chosen in order 
to simulate the respiratory movements of the ribs. 
Specimen 1
In the first specimen the spinal nerves were subjected to traction forces ranging from 0-8 N. 
The elongation of the spinal nerve proximal to efl was measured with efl intact and afterwards 
with the efl transected. 
I. Comparison of elongation proximal and distal to the efl in the physiological direction at the 
levels T2-T11 in the intact situation.
In this experiment the nerve elongation proximal (ep) and distal (ed) to the efl in the 
physiological direction is compared to each other (Figure 2). The static pre-loading was 0.1 
N. In order to make comparisons of the different levels possible, the compliance (e/F) of the 
spinal nerves proximal and distal of the efl at the levels T2-T11 was calculated. 
II. Comparison of elongation of the spinal nerve proximal and distal to the efl in the anatomical 
direction in the intact and transected situation.
The elongation of the spinal nerve proximal to the efl (ep) is compared at the same level in the 
intact and the transected situation of the efl. To compare the different levels the compliance 
(e/F) is calculated at all levels between T2 and T11.
III. Comparison of displacement of the nerve in cranial and caudal direction in the intact and 
transected situation of the efl at level T2-T11.
In this experiment the displacements (δ) of the spinal nerve in cranial (δs) and caudal (δi) 
direction are compared between the intact and transected situations of the efl. The spinal 
nerve is loaded from 0-8 N at the angles: 10° and 20° in cranial and caudal direction in the 
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sagittal plane. To calculate the displacements, the elongation between crystal 5 and 7 (es) and 
between 6 and 7 (ei) were measured. These measurements were repeated at four different 
angles from the second to the eleventh thoracic level: 10° and 20° cranial direction; 10° and 
20° degrees caudal direction. To compare the different levels the compliance (e/F) of the efl is 
calculated at all levels between T2 and T11. Since we cannot compare compliance in vivo in 
the transected situation, we used this calculation to compare the different situations.
IV. Rupturing of the nerve in the intact and transected situation
Specimen 2
In the second specimen the ligaments were either intact or transected. All even numbered 
thoracic ligaments on the left side and odd ligaments on the right side stayed intact. All even 
ligaments on the right side and odd ligaments on the left side were transected. The spinal 
nerves were loaded longitudinally until rupture occurred.
RESulTS
I. Comparison of elongation of the spinal nerves proximal and distal to the efl in physiological 
direction at the levels T2-T11 in the intact situation.
In Figure 3a the solid line represents the elongation of the spinal nerve proximal to the efl 
(εp) when loading the nerve in the longitudinal direction at the right seventh thoracic level 
(seventh intercostal nerve). The dotted lines represent the elongation of the nerve distal 
to the efl (εd). All levels show less elongation distal to the efl compared to the elongation 
proximal to the efl. At all levels a higher compliance is seen proximally to the efl compared to 
the compliance distally (Figure 3b). All levels show less elongation distal to the efl compared 
to the elongation proximal to the efl at specimen 2 with the efl intact.
II. Comparison of elongation of the spinal nerve proximal and distal to the efl in the longitudinal 
direction in the intact and transected situation.
In Figure 4a elongation of the nerve proximal to the efl at Th7 on the right side is shown in the 
transected (tr) and intact (in) situation. At all transected levels more elongation of the spinal 
nerve proximal to the efl is seen compared to the intact level. At all levels a higher compliance 
proximal to the efl is seen in the transected situation compared to the intact situation of the 
efl (Figure 4b). 
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Figure 3. a) Comparison of elongation of the spinal nerve proximal to the EFL (εp) and distal to the EFL (εd), when loading the nerve in the 
longitudinal direction at the left seventh thoracic level. More elongation is seen proximal to the EFL at the same forces. b) Comparison of 
compliance (ε/F) of the spinal nerve proximal (Cp) and distal (Cd) to the EFL. More compliance is seen proximal compared to distal of the EFL.
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Figure 4. a) Comparison of elongation of the spinal nerve proximal to the EFL (εp) in the transected (tr) and intact (in) situation of the EFL at the 
right seventh thoracic level. More elongation is seen at the same force when the EFL is transected. b) More compliance is seen in the transected 
situation compared to the intact situation at all levels.
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III. Comparison of displacement of the nerve in cranial and caudal direction in the intact and 
transected situation of the efl at level T2-T11.
In Figure 5 a-d the displacement of crystal 7 is shown when loading the nerve at the different 
angles in the frontal plane at the right seventh thoracic level. The solid line represents the 
displacement in the intact situation (in) and the dotted line in the transected (tr) situation. 
Figure 5a and b respectively show the displacement of crystal 7 (δi) in the intact situation 
(δiin) and transected situation (δitr), when loading the nerve at an angle of 10 º and 20 º in 
cranial direction in the frontal plane at the right seventh thoracic level. All levels show less 
displacement in the intact situation compared to the transected situation. At all levels the 
configuration of the graph is the same as the seventh right thoracic level. At all levels a higher 
compliance of the distance to the traction force is seen in the transected situation compared 
to the intact situation (Figure 6a and b).
Figure 5c and d respectively show the displacement of crystal 7 (δs) in the intact situation 
(δsin) and transected situation (δstr), when loading the nerve at an angle of 10 º and 20 º in 
caudal direction in the frontal plane at the right seventh thoracic level. All levels show less 
displacement in the intact situation compared to the transected situation. At all levels the 
configuration of the graph is the same as at the seventh right thoracic level. At all levels a 
higher compliance of the displacement to the traction force is seen when the transected 
situation is compared to the intact (Figure 6c and d). The nerve proximal to the efl is kept 
centred by the extraforaminal ligament, preventing compression against surrounding 
structures.
IV. Destruction of the nerve in the intact and transected situation
All thoracic spinal nerves tear distal of the extraforaminal ligament attachment (efl) when 
efl is intact (specimen 2). After removal of efl all the spinal nerves are torn off proximal to 
the intervertebral foramen. At the levels T2-T9 and T11 a higher strength is seen in the intact 
situation compared to the transected situation. Only at T10 a slightly higher force is seen 
in the transected situation. The mean efl strength in the intact situation is 31,8N and in the 
transected situation 23,4N. {Table 1}
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 Figure 5. Comparison of displacement (δ) of the crystal 7 in cranial and caudal direction in the transected (tr) and intact (in) situation when 
pulling at an angle at the right seventh thoracic level. a) 10º cranial b) 20º cranial c) 10º caudal d) 20º caudal.
The dotted lines represent the transected situation and the solid lines the intact situation.
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Figure 5. Comparison of displacement (δ) of the crystal 7 in cranial and caudal direction in the transected (tr) and intact (in) situation when 
pulling at an angle at the right seventh thoracic level. a) 10º cranial b) 20º cranial c) 10º caudal d) 20º caudal.
The dotted lines represent the transected situation and the solid lines the intact situation.
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Figure 6. Comparison of compliance of the movement of crystal 7 in cranial and caudal direction in the transected (tr) and intact (in) situation 
when pulling at an angle at all levels. 
a) 10º cranial b) 20º cranial c) 10º caudal d) 20º caudal.
The yellow boxes represent the transected situation and the blue boxes the intact situation.
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Figure 6. Comparison of compliance of the movement of crystal 7 in cranial and caudal direction in the transected (tr) and intact (in) situation 
when pulling at an angle at all levels. 
a) 10º cranial b) 20º cranial c) 10º caudal d) 20º caudal.
The yellow boxes represent the transected situation and the blue boxes the intact situation.
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DISCuSSIOn
From the second to the eleventh thoracic level extraforaminal ligaments exist, which attach 
the thoracic spinal nerves (intercostal nerves) to the superior and inferior transverse process 
and have a halfway attachment to the epineurium of the spinal nerves13. In the present study 
a mechanical influence of these thoracic extraforaminal ligaments on the nerve root outside 
the intervertebral foramen is described. It appears that a large portion of extraforaminal 
spinal nerve traction can be diverted by the extraforaminal ligaments (efls). The same is seen 
in the lumbar region in which the efl conveys traction to the disc and fibrous capsule of the 
lumbar vertebrae, and hence distracts tensile forces from the intraforaminal nerve roots15. 
Some differences were seen in the mechanical properties between the thoracic and lumbar 
levels. At the lumbar level, when subjected to traction, the spinal nerve shows more 
elongation distally than proximally to the efl. This is in contrast to the thoracic level, in which 
more elongation is seen proximally than distally of the efl. This is a very remarkable finding, 
because we did expect more elongation of the nerve distally to the efl, as seen in the lumbar 
region. One reason of this finding can be a different mechanical property of the spinal 
nerves proximally compared to the spinal nerves distally to the efl. Maybe more elongation 
is needed proximal to the efl to provide a better mobility of the spinal nerve roots in flexion 
extension movements of the spine. It may well be that, due to the fact that the thoracic 
nerves are connected to the transverse process, traction on these nerves has not occurred 
and no stimulus for strengthening the structure has been provided. As a result, the anatomy 
of these nerves may differ from the other spinal nerves, like the lumbar and cervical region, 
that are regularly exposed to traction forces. 
The thoracic spinal nerves proximal to the efl stay centred in the intervertebral foramen 
when the nerve is pulled at an angle. When the efl is transected, the proximal part of the efl 
shows an increase in movement in the cranial and caudal direction when pulled in the cranial 
and caudal direction, respectively. Thus, we think the spinal nerves are protected against 
compression when moving the nerves in cranial and caudal direction by attachments to the 
efl, as is happening during respiration. 
Since the end of the nineteenth century it was assumed that several intradural and 
intraforaminal mechanisms protect nerve roots against being pulled out of the spinal cord 
6-10,19. The load reducing capacity of the extraforaminal ligaments puts the for mentioned 
function of intraforaminal and intradural mechanisms, like the ligaments of Trolard2, Hofmann 
3, Spencer4 and the suspensory5 and denticular ligaments, in discussion. On the basis of the 
present results, we suggest that the ligaments inside the vertebral canal are mainly there 
for the coaxial positioning of the cauda equina and spinal cord in the spinal canal, avoiding 
lateral compression and flattening of the nervous system when bending the spine.
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Two factors that may have influenced the results of this study are the formaldehyde fixation 
and the old age of the specimens. Fixation may cause shrinking of the anatomical structures 
up to 10%. This is an unavoidable draw back since the dissection and measurements take 
so much time that use of fresh material would cause much greater problems. However, 
although the absolute displacements and angulations may include uncertainties, the trends 
of the measurements are correct because the results have always been interpreted in relation 
to other displacements in the same structure (e.g. distal vs. proximal to the efl). 
Jiang et al.16 describe the superior costotransverse ligament as perhaps the most important 
ligament for active lateral balancing of the spine. We suggest that another important 
function of the superior and inferior extraforaminal ligaments is prevention of spinal nerve 
compression against the superior and inferior transverse process. 
We further suggest that in different loading situations the efl maintains the spinal nerve in a 
co-axial position, preventing nerve damage by compression against surrounding structures. 
COnCluDInG REMARKS
The described thoracic extraforaminal ligaments convey traction from the segmental nerves 
to the transverse process of the thoracic vertebrae, and hence redirects tensile forces from 
the intraforaminal nerves. From the results of the present study it appears that the peripheral 
parts of the spinal nerves at thoracic levels are less traction resistant because they are hardly 
exposed to traction during life. Therefore, we conclude that at thoracic levels, the main 
function of the extraforaminal ligaments is the positioning of the nerves in the intervertebral 
foramen.
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Sanan and Rengachary (1996)1 state that the spinal biomechanical history can be divided into 
three eras. The ancient era (2600 BC to 361 BC; Egypt and Hippocrates) was characterised by 
only a rudimentary knowledge of spinal anatomy and biomechanics. The premodern era was 
ushered in by the Renaissance (da Vinci, Vesalius) and yielded knowledge on the anatomy of 
the spine and the first detailed inquiries on the mechanical aspects of nature. The modern 
era is characterised by the application of biomechanical principles to the treatment of spinal 
injuries and deformities. The present thesis fits in with both the ancient era and (for a part) 
the premodern era. 
In order to answer the question as to how the spinal nerves are stretched, an inventory of 
spinal nerve attachments is necessary. During the last 130 years several mechanisms and 
structures that protect the spinal nerves against traction were described.2-10 Nearly all 
these structures were located in the spinal canal proximal to the intervertebral foramen; 
extraforaminal attachments were mentioned only briefly. 
The aim of this thesis is to provide a descriptive inventory of the extraforaminal attachments 
of the spinal nerves distal to the intervertebral foramen, in the extraforaminal region. First, to 
explain and establish how the spinal nerves are attached to the spine a descriptive anatomical 
study is presented. This is followed by a description of the possible mechanical functions of 
these ligamentous attachments.
AnATOMy OF THE ExTRAFORAMInAl ATTACHMEnTS OF THE SPInAl nERvES
From the second cervical to the fifth lumbar spinal nerve extraforaminal ligaments (efls) exist, 
with different features per level. 
The lumbar and thoracic levels have a superior and an inferior part (Chapters 2 and 3). The 
superior ligaments originate from the intervertebral disc and the anterior surface of the 
inferior vertebral notch of the intervertebral foramen. Its insertion is partly on the articular 
capsule of the facet joint with a separate attachment to the spinal nerve laterally. 
All the superior and inferior ligaments at the levels Th12-L1 have a more perpendicular 
orientation relation to the spinal nerve and attach to the spinal nerve laterally. At the levels 
L2-L5 the direction of the inferior efl is more parallel to the spinal nerve and attach the spinal 
nerve ventrally and laterally (Chapter 2).
The thoracic superior efls originate from the cranial transverse process. They insert on the 
caudal transverse process. These ligaments are ventrally attached to the spinal nerves. The 
thoracic inferior efl originates from the dorsal part of the transverse process and attaches the 
nerve dorsally (Chapter 3).
A comparable situation of efl attachments to spinal nerves was seen at the cervical level 
(Chapter 4). At the cervical level: a ventral and dorsal ligament exist. The ventral and dorsal 
ligament is divided in a superior and inferior part. In the present study, the ventral superior 
Ch
ap
te
r 7
100
efls resemble those described by Herzberg et al.11 The same type of ligaments are seen on 
the levels C2-C4 and C8 and T1. All ligaments insert at the epineurium of the spinal nerves.
The features of the superior efls at the cervical levels resemble the superior efls at the thoracic 
and lumbar levels, and the inferior ligaments are similar to those at the thoracic levels, and the 
first and second lumbar level. The features of the inferior efl at the cervical levels correspond 
with the inferior efls of the lower lumbar levels (L3-L5).
BIOMECHAnICS OF ExTRAFORAMInAl ATTACHMEnTS OF THE SPInAl 
nERvES
Chapter 5 shows that the lumbar superior efls secure the spinal nerves centrally in the 
intervertebral foramen and also reduce longitudinal tension. When moving the spinal nerves 
in ventral and dorsal direction, the superior efls and higher lumbar inferior ligaments (L1-L2) 
prevent contact of the nerves with the intervertebral foramen and surrounding structures 
at all levels. The inferior efls on L3-L5 prevent the spinal nerve being pulled out of the 
intervertebral foramen. 
The biomechanical study on the thoracic spine (Chapter 6) shows that also at the thoracic 
levels the efls protect the spinal nerves against compression of the nerves by nearby 
structures. The efl conveys traction to the transverse process, thereby distracting tensile 
forces from the intraforaminal nerve roots. The inferior extraforaminal thoracic ligaments 
secure a spinal nerve position in the centre of the intervertebral foramen. They also serve as a 
protective mechanism against compression of the nerves by nearby structures.
A few differences were seen between the thoracic and lumbar level with regard to the 
mechanical properties. At the lumbar level, when subjected to traction, the spinal nerves 
show more elongation distal than proximal to the efl. This is in contrast to the thoracic level, 
where more elongation is seen proximally than distally of the efl. This is a remarkable finding, 
because we expected more elongation of the nerve distally to the efl, as seen in the lumbar 
region. A possible explanation for this finding is the different mechanical properties of the 
spinal nerves proximally, compared to the spinal nerves distally, to the efl. Perhaps more 
elongation is needed proximal to the efl to provide better mobility of the spinal nerve roots in 
flexion extension movements of the spine. It is possible that, because the thoracic nerves are 
connected to the ribs, no traction on these nerves has occurred and therefore no stimulus for 
strengthening the structure has been provided. As a result the anatomy of these nerves may 
differ from the other spinal nerves that are regularly exposed to traction forces. 
The spinal thoracic nerves proximal to the efl stay centred in the intervertebral foramen when 
the nerve is pulled at an angle. 
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An earlier study described the superior costotransverse ligament as being perhaps the 
most important ligament for active lateral balancing of the spine.12 We suggest that another 
important function of the superior and inferior extraforaminal ligament is to prevent spinal 
nerve compression against the superior and inferior transversal process. 
We further suggest that in different loading situations the efl provides a coaxial position of 
the spinal nerves, preventing nerve damage due to pushing against surrounding structures. 
The features of the inferior efls at the cervical levels correspond to the inferior extraforaminal 
lumbar ligaments at the lower lumbar levels (L3-L5). These ligaments are positioned in a 
rather longitudinal direction with respect to the spinal nerves. In the biomechanical study 
on the lumbar spine (Chapter 5) the inferior lumbar efls were found to reduce longitudinal 
tension. We hypothesise that the mechanical function of the extraforaminal cervical 
ligaments is comparable to the inferior lumbar efls and the mechanical function of the 
superior extraforaminal cervical ligaments to be the same as at the thoracic and lumbar level, 
because of the same configuration.
In this thesis it is shown that there is a ‘first line of defence’ to protect the nerve roots 
against extraforaminal spinal nerve traction at the thoracic and lumbar levels. This puts the 
function of the intraforaminal and intradural mechanisms, such as the ligaments of Trolard13, 
Hofmann4, Spencer14, suspensor radial ligaments15 and the denticular ligaments, described in 
the literature in a different light. For over a century it was assumed that several mechanisms, 
at both the intradural and intraforaminal levels, protect nerve roots against being pulled out 
of the spinal cord. Our study, however, shows that a large portion of extraforaminal traction 
can be absorbed by the efl. At the thoracic levels we see more elongation proximal compared 
to distal to the efl. Therefore, we suggest that the intraforaminal mechanisms are meant for 
the coaxial positioning of the cauda equina and spinal cord in the spinal canal, avoiding 
lateral compression and the flattening of neural structures when bending the spine and 
much less to protect the spinal nerve roots against traction. 
The finding of the connections between nerve, disc, transverse process and fibrous capsule 
of the zygapophysial joints, suggests that disc prolapse (besides compression) may also 
affect nerve function by an increase of tension. Removing or cutting this ligament will then 
disturb the above-mentioned function of these ligaments. When cutting these ligaments the 
spinal nerves will be able to move freely in the intervertebral foramen and will be exposed 
to damaging compression against surrounding structures. Because these ligaments may 
register direct tension on the nerves we expect a proprioceptive function of these ligaments.
The anatomic literature describes the dura as being firmly attached to the spine: 1) cranially 
where the dura blends with the inner periosteum of the skull, 2) segmentally where the 
epineurium investments of the spinal nerves are anchored at their foraminal exit, 3) caudally 
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where the filum terminale of the dura blends with the connective tissue on the dorsal surface 
of the coccyx and distal sacrum, and 4) ventrally by the Hofmann, Trolard and Spencer 
ligaments. The extraforaminal attachments of the spinal nerves, described in detail in this 
thesis, are either not mentioned, or are given little attention with inaccurate and inadequate 
description with no clinical significance. Herzberg et al. described and illustrated semiconic 
attachments of the spinal cervical nerves to the transverse process at the C2-C4, C8 T1 
level. No further descriptions of these extraforaminal attachments are available, despite an 
extensive literature review. A new finding is the additional attachment by the extraforaminal 
ligaments attaching the spinal nerves in the extraforaminal region. 
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Figure 1 Acetylcholine esterase-positive nerve fibres in the posterior longitudinal ligament (From Groen et al. (1990) The innervation of the 
spinal dura mater: anatomy and clinical implications. Acta neurochir 92:39-46. With permission) 
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FuTuRE PERSPECTIvES
At present, interpretation of the findings on the extraforaminal ligaments with respect to 
back pain and neuralgia is speculative. The described ligaments seem to protect against 
noxious stimuli rather than being the cause of any form of neuralgia, as earlier described by 
other authors.16
Currently, we are focusing on further histological studies with respect to innervation of these 
ligaments. For these histological studies we will use specific neuro-(immuno) histochemical 
stainings. In two earlier studies, acetylcholine/esterase-positive nerve fibres in the posterior 
longitudinal ligament were found (figure 1).17,18 If these same fibres can be depicted in 
the extraforaminal ligaments, a proprioceptive function and perhaps a function in pain 
perception of these ligaments, can be expected. Unknown irradiating pain may have its 
origin in this part of the extraforaminal ligaments.
For research on this issue we think of flexion/extension/torsion and shear tests on specimens 
with intact muscles. We hypothesise that in different loading situations the efl provides 
smooth curves of the spinal nerves, preventing sharp curves when pulled against surrounding 
structures.
STuDy lIMITATIOnS
In the studies presented here, we used a limited number of fixated bodies of older-aged 
people. Since fixation can cause shrinkage of anatomical structures, the measurement of the 
ligaments may be influenced by both the fixation process and age-related degeneration. 
It is known that fixation can cause up to 10% shrinkage of the anatomical structures; this 
is an unavoidable drawback because the dissection and measurements take so much time 
that use of fresh material would cause much greater problems. However, although the 
absolute displacements and angulations may include some uncertainties, the trends of the 
measurements are correct because the results have always been interpreted in relation to 
other displacements in the same structure (e.g. distal vs. proximal to the efl). 
COnCluDInG REMARKS 
In conclusion the studies presented in this thesis describe how extraforaminal ligaments 
connect the spinal nerve to the extraforaminal region. 
Because these extraforaminal ligaments convey traction to the disc and fibrous capsule of 
the lumbar vertebrae and thoracic transverse processes, they may distract tensile forces from 
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the intraforaminal nerve roots. The same mechanism is expected to play a role at the cervical 
level.
Earlier reports on the protective function of intraforaminal ligaments should be reconsidered, 
because we think that this protective function takes place in the extraforaminal region.
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The role of a large number of structures are reported in the aetiology of low back pain. Also, 
during the last 130 years several mechanisms to protect the spinal nerve against traction 
have been described. All these structures were located in the spinal canal proximal to the 
intervertebral foramen. Tissue bands outside the intervertebral foramen are also described.1,2 
In Chapter 2 it is shown that the lumbar spinal nerves are attached to the lumbar spine. 
However, this study also outlines the anatomy of a not previously described extraforaminal 
attachment of the spinal nerves in the extraforaminal region. Per lumbar level, these 
extraforaminal ligament attachments consist of a superior and an inferior ligament. 
The superior ligament originates from the intervertebral disc and the ventral crista of 
the intervertebral foramen. It inserts into the articular capsule of the facet joint with an 
attachment to the spinal nerve laterally. All the superior and inferior ligaments on levels 
Th12-L1 have a ventrocaudal-dorsocranial direction in relation to the spinal nerve, attaching 
the spinal nerve medially. At levels L2-L5, the direction of the inferior extraforaminal ligament 
is ventrocranial-dorsocaudal, attaching the spinal nerve ventrally and laterally. Although 
previous studies have described the anatomy of the extraforaminal region,3-11 to the best of 
our knowledge these studies do not mention attachments to the spinal nerve. One study 
described ligament attachments to the nerve root, but these attachments were within the 
intervertebral foramen.12
The present study shows that not only are there extraforaminal ligaments, but that these 
structures at all lumbar levels also have attachments with the spinal nerve. We call this specific 
part of the extraforaminal attachment to the spinal nerve the ‘extraforaminal ligament’ (efl). 
Thoracic ligamentous attachments are described in Chapter 3. From the 2nd to the 9th 
thoracic level, the efl consist of a superior and an inferior part. The superior efl originates 
from the costovertebral joint and the superior transverse process. It inserts on the inferior 
transverse process. The superior part is identified as the superior costotransverse ligament. 
This ligament is ventrally attached to the spinal nerves. The inferior ligament attaches the 
nerve dorsally and originates and inserts on the superior and inferior transverse process, 
respectively. In the literature, no such ligament has been described. All the superior and 
inferior ligaments have a laterocranialdorsal to mediocaudalventral orientation in relation to 
the spinal nerves. On the 10th and 11th levels, we see the same attachments to the thoracic 
spinal nerves. The features of the efl at the thoracic levels correspond to the 12th thoracic and 
the 1st lumbar levels. At these levels, the extraforaminal ligaments connect the spinal nerves 
to the intervertebral foramen and disc. 
Chapter 4 describes the anatomy of extraforaminal ligaments from the second cervical to 
the first thoracic spinal nerves in the extraforaminal region. From the second cervical to the 
first thoracic spinal nerve the efl consist of a ventral and dorsal superior and inferior part. The 
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ventral superior efl originates from the anterior tubercle of the transverse process. It inserts on 
the posterior tubercle of the transverse process. The ventral side of this ligament is attached 
to the spinal nerves. The dorsal superior efl attaches the nerve dorsally and originates at 
the dorsal part of the transverse process. It inserts on the epineurium of the spinal nerves. 
The literature describes protection of the peripheral nerves against nerve traction damage 
by pre-, intra- and extraforaminal structures, such as the ligaments of Trolard13, Hofmann5, 
Spencer2, suspensor radial ligaments14 and the denticular ligaments.
The lumbar extraforaminal ligaments form a first line of defence to protect the spinal nerve 
roots against traction (Chapter 5). 
It appears that a large portion of extraforaminal traction can be diverted by the lumbar efl. 
When subjected to traction, the spinal nerve shows more elongation distally than proximally 
to the efl. In addition, there is a load-reducing capacity of tensile forces in ventral direction of 
the lumbar spinal nerves. The spinal nerve proximal to the efl stays centred when the nerve is 
pulled at an angle. Thus, the spinal nerves are protected against compression when moving 
the nerves in ventral and dorsal directions. Furthermore, we found that the load-reducing 
capacity in the longitudinal direction of the nerve increases from L1 to L4.
It appears that a large portion of extraforaminal spinal nerve traction can be diverted by the 
thoracic efls (Chapter 6). Some differences were seen in the mechanical properties between 
the thoracic and lumbar level. At the lumbar level, when subjected to traction, the spinal 
nerve shows more elongation distally than proximally to the efl. This is in contrast to the 
thoracic level, where more elongation is seen proximally than distally of the efl. This is a 
remarkable finding, because we expected more elongation of the nerve distal to the efl, as 
seen in the lumbar region. The spinal thoracic nerves proximal to the efl stay centred in the 
intervertebral foramen when the nerve is pulled at an angle. When the efl is transected, the 
proximal part of the efl shows an increase in movement in the cranial and caudal direction 
when pulled in the cranial and caudal direction, respectively.
COnCluSIOnS 
In conclusion the studies presented in this thesis describe how extraforaminal ligaments 
connect the spinal nerve to the extraforaminal region. This with features characteristic for 
each level.
The lumbar extraforaminal ligaments convey traction to the disc and fibrous capsule of the 
lumbar vertebrae, and thereby distract tensile forces from the intraforaminal nerve roots. 
Therefore, we conclude that the lumbar extraforaminal ligaments have a mechanical function 
in preventing spinal root compression.
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The thoracic extraforaminal ligaments convey traction from the segmental nerves to the 
transverse process of the thoracic vertebrae, thereby distracting tensile forces from the 
intraforaminal nerves. From the results of the present study it appears that the peripheral 
parts of the spinal nerves at thoracic levels are less traction resistant because they are hardly 
exposed to traction during life. Therefore, we conclude that at thoracic levels the main 
function of the extraforaminal ligaments is the positioning of the nerves in the intervertebral 
foramen. 
Ch
ap
te
r 8
112
REFEREnCES
 1. Melvill RL, Baxter BL (1994) The intertransverse approach to extraforaminal disc protrusion in the 
lumbar spine. Spine 19(23):2707-14.
 2. Spencer DJ, Irwin GS, Miller JAA (1983) Anatomy and significance of function of the lumbosacral 
nerve roots in sciatica. Spine 8(6):672-9.
 3. Baldwin WM (1908) The topography of spinal nerve roots. Anat Rec 2:155-6.
 4. Frykholm R (1951) Lower cervical nerve roots and their investments. Acta Chir Scand 101(6):457-
71.
 5. Hofmann M (1898) Die befestigung der dura mater im wirbelcanal. Arch Anat Physiol (Anat 
Abt):403-10.
 6. Louis R (1981) Vertebroradicular and vertebromedullar dynamics. Anat Clin 3:1-11. 
 7. Melvill RL, Baxter BL (1994) The intertransverse approach to extraforaminal disc protrusion in the 
lumbar spine. Spine 19(23):2707-14.
 8. Nathan H, Feuerstein M (1970) Angulated course of spinal nerve roots. J Neurosurg 32(3):349-52.
 9. Reid JD (1958) Ascending nerve roots and tightness of dura mater. N Z Med J 57(317):16-26.
 10. Rydevik B, Brown MD, Lundborg G (1984) Pathoanatomy and pathophysiology of nerve root com-
pression. Spine 9(1):7-15. 
 11. Tomey MI, Komotar RJ, Mocco J (2007) Herophilus, Erasistratus, Aretaeus, and Galen: ancient roots 
of the Bell-Magendie Law. Neurosurg Focus;23(1):E12.
 12. Grimes PF, Massie JB, Garfin SR. Anatomic and biomechanical analysis of the lower lumbar forami-
nal ligaments. Spine (Phila Pa 1976.) 2000;25:2009-14.
 13. Trolard P (1888) Recherches sur l’anatomie des méninges spinales et du filum terminale dans le 
canal sacré. Arch Physiol 2:191-9.
 14. Berry JL (1987) A morphometric study of human lumbar and selected thoracic vertebrae. Spine 
12(4):362–367.
Addendum 

Addendum 115
nEDERlAnDSE SAMEnvATTInG
In de etiologie van rugklachten wordt een groot aantal structuren genoemd. Daarnaast 
zijn in de afgelopen 130 jaar een aantal mechanismen beschreven om de spinale zenuwen 
te beschermen tegen tractie. Echter, al deze structuren en mechanismen bevinden zich in 
het wervelkanaal proximaal van het foramen intervertebrale. Verbindingen van de spinale 
zenuwen net buiten het foramen intervertebrale, extraforaminaal, worden slechts incidenteel 
genoemd.1, 2
In hoofdstuk 2 wordt beschreven dat de lumbale spinale zenuwen verbindingen hebben 
met de lumbale wervelkolom. Echter, deze studie schetst ook de anatomie van een niet 
eerder beschreven extraforaminale verbinding van de spinale zenuwen in de extraforaminale 
regio met de lumbale wervelkolom. We noemen dit specifieke deel van de extraforaminale 
verbindingen aan de spinale zenuwen het ‘extraforaminale ligament “(EFL). Per lumbaal 
niveau, bestaat dit extraforaminale ligament  uit een superiore en inferiore verbinding. Het 
superiore ligament is afkomstig van de tussenwervelschijf en de ventrale crista van het 
foramen intervertebrale. Het ligament insereert in de capsula fibrosa van het facetgewricht en 
heeft een verbinding aan de laterale zijde van de spinale zenuw. De richting van het ligament 
ten opzichte van de spinale zenuw is ventrocaudaal-dorsocraniaal. Het inferiore ligament op 
niveaus Th12-L1 is parallel aan het superiore ligament, maar heeft een verbinding mediaal 
aan de spinale zenuw. De spinale zenuw loopt tussen deze ligamenten door. Op de niveaus 
L2-L5 is de richting van de inferiore extraforaminale ligamenten ventrocranial-dorsocaudal. 
De insertie van het inferiore ligament is ventro-lateraal op de spinale zenuw. Ondanks dat 
eerdere studies de anatomie van de extraforaminale regio in detail beschrijven,3-11 wordt er 
geen verbinding met de spinale zenuw genoemd. Eén studie beschrijft een ligamentaire 
verbinding met de zenuwwortel, maar deze verbinding bevindt zich binnen het foramen 
intervertebrale.12
De huidige studie toont aan dat er niet alleen extraforaminale ligamenten zijn, maar dat deze 
ligamenten op alle lumbale niveaus ook verbindingen hebben met de spinale zenuw. 
Thoracale ligamentaire verbindingen worden beschreven in hoofdstuk 3. Van het 2e t/m het 
9e thoracale niveau, bestaat het EFL  uit een superior en een inferior deel. Het superiore EFL 
heeft zijn origo in het costovertebrale gewricht en het superiore proecessus transversus. De 
insertie is op het inferiore processus transversus. Het superiore ligament komt overeen met 
het ligamentum costotransversarium superius. Dit ligament kruist deze zenuwen en heeft 
een verbinding ventraal aan de spinale zenuwen. Het inferiore extraforaminal ligament hecht 
dorsaal aan de zenuw en heeft als origo en insertie respectievelijk het superiore en inferiore 
processus transversus. In de literatuur wordt geen ligament beschreven die de spinale zenuw 
extraforaminaal aan de wervelkolom verbindt. Alle superiore en inferiore ligamenten hebben 
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laterocranialdorsaal-mediocaudalventrale oriëntatie ten opzichte van de spinale zenuwen. 
Op het 10e en 11e thoracale niveau, zien we soortgelijke ligamenten met verbindingen 
aan de thoracale spinale zenuwen. De kenmerken van het EFL op de thoracale niveaus 
corresponderen met het 12e thoracale en 1e lumbale niveau. Op deze niveaus verbinden 
de extraforaminale ligamenten de spinale zenuwen met het foramen intervertebrale en de 
tussenwervelschijf.
Hoofdstuk 4 beschrijft de anatomie van extraforaminale ligamenten van de tweede cervicale 
spinale zenuw tot en met de eerste thoracale spinale zenuw, de plexus cervicobrachialis, in 
de extraforaminale regio. Vanaf de tweede cervicale tot en met de eerste thoracale zenuw 
bestaat het EFL  uit een ventraal en dorsaal deel. Deze ventrale en dorsale delen zijn eveneens 
in te delen in een superior en inferior deel. Het ventrale superiore EFL heeft de origo ter 
hoogte van het ventrale tuberculum van het bovenliggende processus transversus. De insertie 
bevindt zich op het ventrale tuberculum van het onderliggende processus transversus. Het 
ventrale superiore EFL heeft een verbinding aan de ventrale zijde van de cervicale spinale 
zenuw. Het dorsale superiore EFL hecht aan de dorsale zijde van de zenuw aan en heeft de 
origo op het dorsale tuberculum van het bovenliggende processus transversus. Het betreft 
een verbinding met het epineurium van de spinale zenuwen. 
In de literatuur wordt bescherming van de perifere zenuwen beschreven tegen schade door 
tractie ter hoogte van de pre-, intra- en extraforaminale structuren, zoals de ligamenten 
van Trolard13, Hofmann5, Spencer2, de suspensor radiale ligamenten14 en de denticulaire 
ligamenten.
De lumbale extraforaminale ligamenten vormen een eerste verdedigingslinie om de spinale 
zenuwwortels te beschermen tegen tractie (hoofdstuk 5).
Het blijkt dat een groot deel van extraforaminale tractie kan worden opgevangen door 
het lumbale EFL. Wanneer blootgesteld aan tractie, ondervindt de spinale zenuw meer rek 
distaal dan proximaal van de EFL. Daarnaast vindt er ook een trekontlasting plaats wanneer 
de lumbale spinale zenuwen naar ventraal wordt belast. De spinale zenuw proximaal van het 
EFL blijft gecentreerd wanneer de zenuw onder een hoek wordt belast, zoals bijvoorbeeld 
wanneer de wervelkolom buigt. Zo worden de spinale zenuwen tegen compressie beschermd 
bij verplaatsing van de zenuwen in ventrale en dorsale richting. Bovendien neemt de trek 
ontlastende capaciteit van de ligamenten toe van niveau L1 naar L4.
Het blijkt dat naast het lumbale EFL ook het thoracale EFL een groot deel van de extraforaminale 
spinale zenuw spanning op kan vangen (hoofdstuk 6). Echter, er zijn ook verschillen waar 
te nemen in de mechanische eigenschappen op thoracaal en lumbaal niveau. Wanneer de 
zenuw op lumbaal niveau, wordt blootgesteld aan tractie, vertoont de spinale zenuw meer 
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rek distaal dan proximaal van het EFL. Dit in tegenstelling met het thoracale niveau, waar 
meer rek proximaal dan distaal van het EFL wordt gezien. Dit is een opmerkelijke bevinding, 
omdat we meer rek verwachten van de zenuw distaal van het EFL, net als op lumbaal niveau. 
De thoracale spinale zenuwen proximaal van het EFL blijven gecentreerd in het foramen 
intervertebrale wanneer de zenuw onder een hoek wordt belast, zoals bijvoorbeeld gebeurt 
tijdens de ademhaling. Wanneer het EFL wordt doorgesneden, toont het proximale deel van 
de zenuw een toename in beweging in de craniale en caudale richting wanneer getrokken 
wordt respectievelijk in de craniale en caudale richting, dit heeft compressie van de zenuw 
tot gevolg.
Conclusies
De studies in dit proefschrift beschrijven hoe extraforaminale ligamenten de spinale zenuw 
verbinden met de extraforaminale regio. Dit met kenmerken die karakteristiek zijn voor elk 
niveau.
De lumbale extraforaminale ligamenten brengen spanning uitgeoefend op de spinale 
zenuwen over naar de tussenwervelschijf en de capsula fibrosa van de facetgewrichten en 
leiden daarmee trekkrachten af van de intraforaminale zenuwwortels. Daarom concluderen 
we dat de lumbale extraforaminale ligamenten een mechanische functie hebben in het 
voorkomen van tractie aan de spinale wortel en dat ze bovendien de zenuw positioneren in 
het foramen intervertebrale.
De thoracale extraforaminale ligamenten positioneren de spinale zenuwen in het intervertebrale 
foramen, waardoor storende compressiekrachten niet de intraforaminale zenuwwortels 
beschadigen. Uit de resultaten van deze studie blijkt dat de thoracale EFL minder trekvast 
zijn, omdat zij nauwelijks worden blootgesteld aan trekkrachten in de lengterichting. Daarom 
concluderen we dat bij thoracale niveaus de belangrijkste functie van de extraforaminale 
ligamenten is de positionering van de zenuwen in het intervertebrale foramen.
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DAnKwOORD
Ooit begint een verhaal te leven bij het uur, de dag, de week, nu inmiddels de jaren. Klein 
maar zich ontwikkelend, rennend achter de eigen gedachte aan. Moeilijk te beseffen dat ook 
dit verhaal zijn plot weer heeft moeten prijsgeven. Hoewel alleen mijn naam op de voorkant 
van het boekje staat, zijn er veel mensen zonder wie dit proefschrift nooit was geworden 
zoals het nu is. En die wil ik graag bedanken!
Als eerste gaat mijn speciale dank uit naar Professor Hoogland. Beste Piet, tijdens de eerste 
kennismaking was je bezig de winterweek te ontrafelen als voorzitter van de Spaarndamse 
ijsclub Nova Zembla, om mij daarna een persoonlijk college van drie uur te geven over de 
anatomie van het foramen intervertebrale. Zo ontzettend veel geleerd van je in al die tijd. 
Het is zonde dat je nu al met pensioen bent. De vaste onderwijs prijs moet nu naar iemand 
anders.
Veel dank gaat uit naar Professor Wuisman. De niet te remmen wetenschapper en geweldig 
orthopeed. Toen ik in het VUMC met een zelfbedacht idee kwam, ontstond er een warm bad 
van verdere ideeën en voornamelijk kansen. In no time was het eerste artikel gepubliceerd 
en waren de plannen voor nieuwe manuscripten gesmeed. Manuscript ’s avonds gemaild, ’s 
morgens volledig gereviseerd en daarna zonder commentaar geaccepteerd. Helaas overleed 
je veel te vroeg. Een heel groot gemis in de drijvende kracht van het onderzoek. 
Beste Theo, sinds kort hooggeleerde professor Smit. Heel veel dank voor het begeleiden 
en bijsturen binnen de biomechanische ideeën. Van jouw scherpe analyses hoop ik in de 
toekomst nog gebruik te mogen maken in alle vervolgonderzoeken die nog mogen komen.
Speciale dank gaat uit naar Professor Snijders. Met onuitputtelijk enthousiasme mij mede 
gedreven op deze weg. Altijd aansporend en geduldig vertrouwend, ondanks mijn af en 
toe vage ideeën. Samen met Professor Kleinrensink, mij overgehaald, na vier keer te zijn uit-
geloot voor de studie geneeskunde, het binnen de orthopedie toch eens te proberen. Hier 
is het waakvlammetje van onderzoek overgegaan naar een niet te stoppen brand. Jullie zijn 
heel bepalend geweest voor mijn ingeslagen wegen en daar ben ik heel dankbaar voor.
Beste dr. Bloem. Beste Rolf, een groter voorbeeld voor opleidingsassistenten bestaat er denk 
ik niet. Maar evenzo ben ik trots dat ik nu jouw directe collega mag zijn. Dank voor al die jaren 
van een geweldige opleiding, maar de mooiste jaren van samenwerking moeten nog komen. 
Ik kijk er naar uit.
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Beste Professor van Royen. Beste Barend. Mijn eerste echte schreden binnen de orthopedie 
waren mede onder jouw supervisie. Uiteindelijk kon ik vanuit het VUMC de opleiding ortho-
pedie in het Rotterdamse cluster binnen komen. Heel veel dank dat ik alsnog mijn promotie 
onder de Amsterdamse orthopedische VUMC vleugels mag voltooien.
Binnen de leescommissie speciale dank aan professor Groenewegen. Beste Henk, je stelde 
de snijzaal ter beschikking, zodat ik mede door jouw kennis dit monnikenwerk onderzoek 
heb mogen doen. Volgend jaar met pensioen. Veel te snel. Ik wil je bedanken voor het feit 
dat je de afdeling anatomie van de Vrije Universiteit tot een geweldige mix van onderwijs, 
onderzoek en gezelligheid hebt kunnen maken.
De andere leden van de promotie commissie: prof. dr. A.J. Verbout, prof. dr. Ir. R.H.M. Goos-
sens, prof. dr. M. de Kleuver en prof. dr. H.J. Meisel. Dank voor de tijd die u heeft genomen om 
dit proefschrift te lezen. Ik voel me vereerd dat u zitting wilt nemen in mijn promotiecom-
missie.
Veel dank gaat uit naar alle medewerkers van de afdeling Anatomie van het VUMC en met 
name naar, Babette, Frans en Erik bij het helpen maken van alle preparaten en betreffende de 
histologie Mariska en Evelien. En zonder Dirk de Jong was ik nog steeds met mijn wegwerp-
cameraatje bezig. (“Han komt mee voor het geluid”) 
Dank aan Matthijs en Roel, die in het half jaar dat ik fulltime onderzoek heb kunnen doen, mij 
met gezelligheid, raad en daad hebben bijgestaan. En Lizette, Albert en Gilbert met de hulp 
bij alle biomechanische testen en berekeningen. 
Maatschap orthopedie Delft. Beste Dieu Donne, Hennie, Joost, Max, Rolf en Stephan. Het 
is een voorrecht om zo vanuit de opleiding in zo’n maatschap aan de slag te kunnen. Een 
maatschap waarin persoonlijke ontwikkeling, welzijn en collegialiteit gecombineerd wordt 
met een open en constructieve manier van werken. “Investeren in elkaar.” Het wordt alleen 
maar mooier. 
Beste vrienden, hoe vaak ik niet heb moeten vertellen, ik moet nog aan mijn promotie 
werken. “Maar je bent toch al dokter?” Het uitleggen wat promoveren is heeft niet altijd zijn 
vruchten afgeworpen. Maar nu is het af. Vanaf morgen meer tijd voor (andere) leuke dingen.
Paranimfen, Ted en Robin, lieve broers. Het voelt voor mij geweldig dat jullie naast me staan. 
Alleen al daarvoor zou ik het doen. Met lieve zus Marjolein een hele mooie jeugd gehad, 
waarin de band alleen maar sterker wordt. “derde broer” Erik, Karin en Angelique, dank voor 
jullie steun. 
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Speciaal wil ik mijn ouders, die me al die jaren hebben begeleid in een poging mezelf te 
ontwikkelen, bedanken. Ik besef steeds meer wat u voor me gedaan heeft en wat u nog 
steeds voor me doet. Misschien heb ik met dit project iets terug kunnen doen. Daarom is dit 
boekje aan u opgedragen. Hopelijk komt er nu eindelijk weer meer tijd om met de kleinkin-
deren langs te komen, want daar gaat het natuurlijk om.
Ellen, het eerste dat je zegt als ik over promotie begin: “ik wil niet in je dankwoord!” Zonder 
jou en zonder Hidde en Tiebe was dit project misschien ook wel een keer afgekomen, maar 
ik moet er niet aan denken. Jij hebt tijdens dit langslepende project mijn warrige dagen met 
begrip, relativering en liefde op weten te vangen. We blijven zeggen: ”We beginnen pas, we 
beginnen nu pas echt!”
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Figure S1. Right ventral lateral view. Dissection of the sixth cervical spinal nerves (6). The extraforaminal superior ligament pass the spinal 
nerves ventrally and is  attached to the lateral side to the spinal nerves. C5,6 : fifth and sixth cervical vertebra; tp: transverse process; av:  arteria 
vertebralis.
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Figure S2 
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Figure S2. Right ventral lateral view. Dissection of the fifth to sixth cervical spinal nerves (5,6,7). The extraforaminal superior ligament pass the 
spinal nerves ventrally and is  attached to the lateral side to the spinal nerves. C6,7 : sixth and seventh cervical vertebra; tp: transverse process; 
av:  arteria vertebralis.
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Figure S3 
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Figure S3. Right ventral lateral view. Dissection of the seventh cervical spinal nerve (7). The extraforaminal superior ligament pass the spinal 
nerves ventrally and is attached to the lateral side to the spinal nerves. The inferior ligament is attached inferior and medial to the spinal nerve. 
C7 : seventh cervical vertebra; T1: first thoracic vertebra; tp: transverse process; av:  arteria vertebralis.
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Figure S4 
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Figure S4. Right ventral lateral view. Dissection of the eighth cervical spinal nerve (8). The extraforaminal superior ligament has an all around 
attachment to the nerve.. The inferior ligament is attached inferior and medial to the spinal nerve.; T1: first thoracic vertebra; tp: transverse 
process.
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Figure S5 
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Figure S5. Right ventral lateral view. Dissection of the first thoracic spinal nerve (T1). The extraforaminal superior ligament has an all around 
attachment to the nerve. The inferior ligament is attached inferior and medial to the spinal nerve.; T1,2: first and second thoracic vertebra; tp: 
transverse process.
Supplements 135
Figure S6 
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Figure S6. Right dorsal lateral view. Dissection of the second cervial spinal nerve (2). The extraforaminal superior ligament has an all around 
attachment to the nerve.; C1,2: first and second cervical vertebra; tp: transverse process. av:  arteria vertebralis.
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Figure S7. Right dorsal lateral view. Dissection of the sixth seventh cervial spinal nerve (6,7) and first thoracic. Dorsal attachments. The 
extraforaminal superior ligament is attached to the dorsal sode of the the nerve.; C6,7: sixth and seventh cervical vertebra; T1,2 first and second 
thoracic vertebra tp: transverse process.
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